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Chapter 1
General Introduction
Objectives and Outline

FIRE Project
This study was carried out as part of the international, European Community supported,
Flame-retardants Integrated Risk assessment for Endocrine effects (FIRE) project.
Brominated flame-retardants (BFRs) are suspected endocrine disrupters for human health
and wildlife and improvement of their risk assessment has been the overall objective of this
multidisciplinary project. One of the objectives was to select BFRs for rodent and fish toxicity
studies, using in vitro cell systems of particular relevance for endocrine effects, with
emphasis on the endocrine system. By integrating information on exposure, fate and toxicity,
this project should provide a significant contribution to the integrated risk assessment for
humans and aquatic environment with respect to BFRs (www.rivm.nl/fire).

General introduction

1 Flame retardants

“…The idea of flame retardant materials dates back to about 450 BC, when the Egyptians
used alum to reduce the flammability of wood. The Romans (about 200 BC) used a
mixture of alum and vinegar to reduce the combustibility of wood…” 1.
Nowadays, there are more than 175 chemicals used as flame retardants. The four
major groups are inorganic, halogenated organic, organophosphorus and nitrogen-based
flame retardants

2

(Figure 1.1).

Figure 1.1 The four major groups of flame retardants.

A very effective method to prevent fire occurrence is to capture free radicals, which
are highly oxidizing agents that are produced during the combustion process 3.
Bromine (Br), fluorine (F), chlorine (Cl) and iodine (I) are effective in eliminating free
radicals (e.g. H* or OH*) and thereby reducing the capability of the flame to propagate
(Figure 1.2). However, not all of the halogens are suitable for use as flame retardants and
consequently only organochlorine and organobromine compounds are being used. Due to
their high efficiency and low decomposing temperature, organobromine compounds have
become increasingly popular as a flame retardant during the last decades. As a result,
there are currently more than 75 different aliphatic, aromatic and cyclo-aliphatic
compounds being used as brominated flame retardants (BFRs) 2.

Figure 1.2 Chemical mechanism of action of halogenated flame retardants (figure adapted from 4).
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1.1 Brominated flame retardants

The use of BFRs has increased tremendously during the last decades mainly for two
reasons: i) the need to meet strict fire safety regulations to prevent possible accidents, ii)
the high demand of petroleum-based polymeric materials, which have to meet those same
fire safety regulations. The total world market demand for BFRs in 1999 was estimated to
be over 200,000 metric tons, from which an estimated 30,000 metric tons was destined
for the European market 5.
The use of BFRs is divided into two major groups: reactive and additive BFRs. Reactive
BFRs are covalently bound into the polymer matrix, unlike additive BFRs that form no
chemical bonds with the material.
There are five major classes of BFRs that can be either additive or reactive BFRs:
brominated bisphenols (BB), diphenyl ethers (DE), cyclododecanes (CD), phenols, and
phthalic acid derivatives. The first three classes represent the highest production volumes.
In fact, only five BFRs constitute the majority of the production at this time, although new
compounds are being introduced constantly while others are withdrawn from production.

Table 1.1 Major brominated flame retardants (BFRs) groups, production and uses 5.
Structure

Type

PBDEs

Additive

O

- PentaBDE
- OctaBDE
- DecaBDE

Production

Polyethylenes

56,100 metric

Polypropylene

tonnes/year

Polybutyline terepthalene

Br

Br

Use

Unsaturated polyesters
Nylon

HBCD

Br

Additive

Br

Expandable and extruded

16,700 metric

polystyrene foam

tonnes/year

Textiles

Br Br

Br Br

TBBPA
Br
CH3
HO

Reactive Epoxy resins

119,700

Additive

metric

Acrylonitrile styrene (ABS)

tonnes/year

CH3
Br
Br

Br
OH

These five major BFRs are tetrabromobisphenol-A (TBBPA), hexabromocyclododecane
(HBCD), and three commercial mixtures of polybrominated diphenyl ethers (PBDEs), or
biphenyl

oxides,

which

are

known

as

pentabromodiphenyl

ether

(PentaBDE),

13
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octabromodiphenyl ether (OctaBDE) and decabromodiphenyl ether (DecaBDE) (Table 1.1)
6-9

. However, OctaBDE and PentaBDE are not longer being produced or in use due to their

ban in EU and voluntary withdrawal by the bromine industry in North America

10

.

The PentaBDE formulation contains 2,2´,4,4´-tetrabromodiphenyl ether (BDE-47),
2,2´,4,4´,5-pentabromodiphenyl ether (BDE-99), 2,2´,4,4´,6-pentabromodiphenyl ether
(BDE-100), 2,2´,4,4´,5,5´-hexabromodiphenyl ether (BDE-153) and 2,2´,4,4´,5, 6´hexabromodiphenyl ether (BDE-154), in percentages of about 31, 48, 8.8, 6.6 and 4.4%,
respectively. The commercial OctaBDE product consists for 85% of 2,2´,4,4´,5,5´hexabromodiphenyl ether (BDE-153) and 14% of 2,2´,4,4´,5,6´-hexabromodiphenyl
ether (BDE-154). The commercial DecaBDE product is almost entirely composed of
decabromodiphenyl ether (BDE-209, 97-98%) with a small amount of nona-brominated
congeners (0.3 - 3%) present

11

.

Depending on the number of bromine and their substitution pattern, there are 209
possible

congeners

that

are

divided

into

10

congener

groups

(mono-

to

decabromodiphenyl ethers).
For convenience, these PBDE congeners are numbered from 1 to 209 using the same
IUPAC system as is used for polychlorinated biphenyls (PCBs)

12-14

(Figure 1.3).

The 6- and 2-substituted BDE derivatives are ortho-PBDEs; the 3- and 5-substituted
BDE derivatives are meta-PBDEs; the 4-substituted BDE derivatives are para-PBDEs
(Figure 1.3).

Figure 1.3 Chemical structures of PBDE and PCB congeners.

HBCD is a brominated non aromatic cyclic alkane used primarily as an additive flame
retardant, which is produced by bromination of cyclododecane

12

. Based on the orientation

of the carbon-bromine bonds, there are three diastereomers recognized (α-, β-, and γHBCD) in the commercial technical mixture. This mixture contains α-HBCD (6%), β- (8%)
and γ- (80%).
TBBPA is primarily added to the host polymer as a reactive flame retardant (90% of
total use), but it can also be used in an additive way.

14
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1.2 Levels and Temporal trends

Some BFRs are considered persistent organic pollutants (POPs) due to their low volatility,
water solubility and persistence in abiotic as well as in biotic matrices

15

. Accumulative

properties vary and depend on the number and position of the bromine atoms in the
molecule. The higher brominated congeners are less mobile in the environment due to
their very low volatility, water solubility and strong adsorption to sediments
the

higher

brominated

congeners

can

be

transformed,

for

15

. However,

example

through

(photo)chemical decomposition, into lower brominated ones that have higher volatility and
water solubility

16

. Some BFRs have a close resemblance in chemical structure and

physical properties to other POPs, such as PCBs, leading to similar environmental
behaviour, fate and are often compared in literature. However, it should be noted that
biological or toxicological effects do not necessarily have to be shared by both groups of
chemicals

15,17

.

An overview of brominated flame retardants in the environment

12

has shown that

BFRs are globally found in abiotic samples such as air, sewage sludge and sediment, but
also in biological samples, including those of fish, wildlife and humans, like human adipose
tissue, blood and breast milk.

Figure 1.4 Temporal trends of BDE-47, BDE-99, and HBCD in guillemot egg from the Baltic Sea (figure
adapted from 18).

A retrospective time trend constructed from 1939 to 1987 by Nylund and colleagues

19

shows a clear increase of PBDE levels in sediments (sum of BDE-47, -99 and -100) from
1974 onwards and most pronounced after 1980. A similar trend was observed in a study
conducted with guillemot eggs from the Baltic between 1969 and 2001, in which the tetra-

15
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and pentabromodiphenyl ethers (BDE-47, -99 and -100) and HBCD were analyzed

18

.

Again the temporal trend indicates that PBDE concentrations increased from the 1970s to
the 1980s, reaching the maximum concentrations around the mid- to the late-1980s.
However, the years afterwards show a rapid decrease in concentrations, probably due to
changes in production and demand on the PBDE market (Figure 1.4). Similar declining
trends were found in the 1980s after the ban of other persistent organic pollutants such as
PCBs or dichlorodiphenyl trichloroethane (DDT) in the 1970s.

Table 1.2 Brominated flame retardant (BFR) concentrations in human samples from the USA, Europe
and Asia (n.d. not detected).
Sample
Type
Serum

Breast
milk

Umbilical
Cord
Serum

Region

USA
Norway
USA
Korea
Japan
New Zealand
Japan
Spain
The Netherlands
Canada
Denmark
USA and Canada
Faroe Island
UK
China
Japan
Spain
Japan
Norway
Norway
Sweden
USA
Sweden
China
Spain
The Netherlands

Year of
Sampling
1999-2001
1977-1999
2000-2002
2001-2002
2005
2001
1995
2003-2004
2004
1996-2000
1998-1999
2000-2002
1999
2001-2003
2006
2004
2003-2004
2005
2001
2003-2004
2001
2001
2000-2001
2006
2003-2004
2003

Σ PBDEs
(ng/g
l.w.)
5.3-320
0.44 – 3.3
61
16.8
2.89
6.12
1.3
12
6.2
7.2
50.4
5.8
6.6
3.5
1.34
6.1
1.56

39
1.69
3.9
17

HBCD
(ng/g
l.w.)

TBBPA
(ng/g
l.w.)

Reference

20

n.d. – 0.65

21
22
23
24
25
26
27

0.2

28
29
30
31
30
32
33
34
27
24

0.63
0.60
0.30

28
28
28
35
36
33
27

1.7

28

A different time trend was observed for HBCD. Its concentration in the environment as
well as in biota increased in the middle of the 1970s, temporarily decreased in the
beginning of the 1980’s and subsequently showed a gradual but continuous rise until the
beginning of 21st century (Figure 1.4). This increase in HBCD concentrations is probably
due to the ban and voluntarily withdrawal of Penta and OctaBDE mixtures, which resulted
in a higher use of HBCD.
BFRs, especially PBDEs, have been detected in significant concentrations (ng/g lipid
weight) in different human samples (Table 1.2) such as blood and breast milk. BFR
concentrations in wildlife and human samples from Europe or Asia are on average
somewhat lower than in North America, but there is a significant overlap in range of
individual values between the three continents.

16
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Since the 1970’s PBDE levels in human breast milk have been increasing in both
Europe and North America. Between 1972 and 1997, the PBDE concentrations in human
breast milk in Europe showed a doubling in concentration every 5 years

37

. In USA, this

observed increase is even more alarming with a temporal trend showing that levels double
every 2 years

38

.

A possible explanation for this significant difference might be the higher fire safety
levels required in the USA compared to Europe, which would result in higher PBDE levels in
consumer goods and thus release into the environment.

1.3 Routes of exposure in humans

Most BFRs make their way into humans primarily via food since many of these compounds
are environmentally persistent and biomagnify in the food chain

39

.

Different market baskets have been analyzed in North America and EU for their content
of BFRs, especially PBDEs

40-43

. It is clear from these market basket surveys that

contamination is highest in fish, then meat and lowest in dairy products. These findings
seem to confirm that due to the lipophilic nature of compounds like PBDEs, food with a
high fat content, such as fatty fish from contaminated areas, represent a major source of
exposure

39,44

. It can be expected that if the fat intake is reduced, a concomitant reduction

of BFR exposure is obtained. This is supported by the fact that vegan populations seem to
have the lower BFR levels in their blood and human milk than non-vegan populations

40

.

Based on levels in food from 1999, the dietary intake of PBDEs in Sweden has been
estimated to be 50 ng per day

45

. In Belgium, the PBDE intake, calculated based on the

average daily food consumption in 2005, ranged between 23 and 48 ng per day

43

. For the

Netherlands, a median long-term PBDE intake of 55 ng per day was estimated in 2007

42

.

In the USA, market basket analyses indicated a dietary intake of PBDEs of 63 ng per day
46

. These data show that at least in the USA and Western Europe uptake of PBDEs via food

is in the same range between countries.
Globally, the internal human concentrations vary between countries and continents.
North American levels are in general 10 to 100 times higher compared to those in Europe
or Asia (Table 1.2). However, based on the mentioned market basket studies, dietary
exposure does not appear to account solely for the significant differences in human body
burdens.
Besides diet, non-dietary ingestion of dust and soil may represent an important route
of exposure to BFRs. Substantial levels of PBDEs (mg/kg) and other BFRs, such as HBCD,
have been measured in indoor dust

47

. This exposure pathway is especially important for

toddlers and young children, since they spend a long time on the floor and they regularly
handle and place non-food objects into their mouths

48

. Dermal uptake of BFRs is generally

thought to be a non-significant route of exposure compared to oral ingestion

11

.

BFRs, especially PBDEs, have been measured in fetal blood and tissue samples,
indicating the placental transfer from the mother to the fetus

33,49

. In addition, a high

17
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correlation has been shown between maternal and fetal blood PBDE levels

35

with similar

range of concentrations.

1.4 Metabolism

1.4.1. PBDEs
PBDEs are transformed into hydroxylated and methoxylated metabolites (OH- and MeOPBDEs). This was experimentally shown in exposed mice and rats and reported in wildlife
50-53

. Further, OH-PBDEs have been analyzed in human blood

54,55

. Recently, PBDE

metabolites have been measured in human fetal liver and blood samples, indicating either
their transport via the placenta or fetal metabolism of parent PBDEs

49

. Some of the OH-

PBDEs congeners have been shown to be endogenous products in marine sponges, green
and red algae and in ascidians (tunicates)

56

. Therefore, the occurrence of these

compounds in environmental and mammalian samples can originate either from natural
production in marine ecosystems or thought the metabolism of PBDEs

50,57

.

In vivo, the metabolic conversion of a PBDE to an OH-PBDE is a phase I reaction. In
this initial metabolic step, a reactive or polar group is introduced to the molecule to
facilitate clearing the compound from the organism. The subsequent conversion of the OHgroup into a MeO-group is a phase II reaction. This is typically a conjugation reaction on
the polar group introduced from the phase I reaction, to make the compound more
hydrophilic and increase its excretory potential. However, metabolism does not increase
elimination of PBDEs significantly since the OH- and MeO-PBDEs are still relatively
hydrophobic and remain to circulate in the organism.

1.4.2 HBCD
Limited data on the metabolism of HBCD are known. One of the few in vivo studies done in
rats showed that HBCD is readily absorbed. Within 72 hours, the majority of HBCD was
excreted in the faeces (70%) and in the urine (15%) with a half-life of approximately 2
hours. Four metabolites of unknown structure were detected. Retention of HBCD occurs in
all analysed rat tissues, indicating bioaccumulative properties 58.
In wildlife and humans, the high prevalence of the γ-HBCD diastereomer from the
technical mixture shifts to a dominance of the α-HBCD diastereomer indicating a metabolic
process. In addition, in vitro assays confirmed the biotransformation of the diastereomers
β- and γ-HBCD to α-HBCD by cytochrome P450 (CYPs) enzymes

59

.

1.4.3 TBBPA
In mammalian systems, TBBPA is rapidly absorbed from the gastrointestinal (GI) tract and
eliminated via the faeces (80-90%) within hours. There are at least 3 known metabolites
described that have been found in the bile (a diglucuronide ether conjugate, a glucuronic

18
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acid/sulphate ester diconjugate and a monoglucuronic acid conjugate). In vivo studies
showed that TBBPA is not significantly retained in body tissues such as heart, spleen or
thymus and <0.1% of the dose was detected in liver

60-63

.

In humans, elimination is mostly via the faeces and only <0.1% of an orally
administered dose was excreted in urine as TBBPA-glucuronide. TBBPA-glucuronide was
present in detectable concentrations (nmol/l) in blood. In addition, sulfatation of TBBPA is
another human metabolic pathway as traces of TBBPA-sulphate conjugates have also been
detected in blood

61

.

2 Major In Vivo and In Vitro toxicological effects

Concern about possible adverse effects of BFRs in the environment, wildlife and humans
started to grow as a result of increasing concentrations of these compounds since the
1970’s. Characteristic endpoints of animal toxicity as result of BFR exposure are among
others hepatotoxicity, embryotoxicity, and effects on the endocrine system (thyroid and
sex hormone axis). Recently, neurobehavioral effects have been observed in mice after
administration of various PBDE congeners during a critical period in brain development,
shortly after birth. A summary of the observed toxicological and biochemical effects after
in vitro or in vivo BFRs exposure is given in Table 1.3.
Based on the critical effects reported in these studies, the lowest observed adverse
effect level (LOAEL) for PBDEs is considered to be 1 mg/kg/day (primarily based on effects
of PentaBDEs)

39

.

Individual PBDE congeners generally seem to display a similar mechanism of action
with varying potencies. The majority of the studies point out that BDE-209 is the least
potent congener; although neurobehavioral effects have been measured recently for BDE209 at levels that were similar to lower brominated congeners

64

.

Concerning endocrine disruption, some in vivo studies suggest that PBDEs are able to
cause thyroid hyperplasia along with a decrease in serum thyroxin in both mice and rats
65,66

. Besides the effects on thyroid homeostasis, some reproductive effects have been

described in male and female rats (Table 1.3). The in vitro, antagonist effects of PBDEs or
their hydroxylated metabolites on several sex steroid hormone receptors have been
addressed earlier

67,68

.

Comparing and summarizing the toxicity of BFRs and in particular individual congeners
is a rather complex task, considering that some of these studies have been conducted
using technical or commercial PBDE mixtures of which the exact constituents are not
known. In many cases these technical mixtures have found to be contaminated with much
more toxic compounds, such as polybrominated dibenzo-p-dioxins and dibenzofurans
(PBDD/Fs) that could have easily resulted in additional mixture toxicity.
In rats, HBCD also caused interference with thyroid homeostasis by decreasing total
thyroxin levels and increasing thyroid weight. Based on these thyroid effects, a LOAEL of
22.9 mg/kg/d was derived

69

. In addition, Germer et al. reported a significant increase in

19
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7-pentoxyresorufin O-depentylase (PROD) activity and hepatic gene expressions (e.g.
Cyp3A) for this BFR

70

. Moreover, HBCD showed in vitro antagonistic activity on several

sex steroid hormone receptors

67

. Thus, like the PBDEs, HBCD appears to have a distinct

endocrine disruption potential.
TBBPA has also been described as in vitro endocrine disruptor, particularly through
disruption of the thyroid hormone homeostasis. Meerts et al. and Hamers et al. found a
high in vitro binding potency of TBBPA to the thyroid hormone transport protein
transthyretin, (TTR) compared to its natural ligand, TT4

67,71

. It is thought that structural

similarities between TBBPA and TT4 are, at least partially, responsible for the potential of
TBBPA to compete with TT4 for TTR binding. Furthermore, TBBPA has also been described
as cytotoxic and interactions with some cellular signaling pathways, such as the mitogen
activated protein kinases (MAPKs), have been observed in several in vitro studies

72,73

.

Based on these studies, a number of reviews on the toxicology and potential health
effects of the BFR have been published in the past decades. Nevertheless, the mechanism
of action of BFRs is still not fully understood. In this thesis results are summarized of
studies done in our laboratory on the endocrine-disrupting potency of BFRs and
metabolites.
An endocrine disrupting compound is defined “an exogenous substance or mixture that
alters function(s) of the endocrine system and consequently causes adverse health effects
in an intact organism or its progeny or (sub) populations”

90

. Some endocrine disruptors

(EDs) act in more than one mechanism:

o

Mimic or partially mimic the endogenous hormones by binding to

o

Block, prevent and alter hormonal binding to hormone receptors or

o

Alter the production and degradation of natural hormones.

o

Modify the creation and function of hormone receptors.

hormone receptors.
influencing cell signalling pathways.

EDs can for example interact with estrogen or androgen receptors and thus act as
agonists or antagonists in processes that involve endogenous hormones. At the same
time, various EDs have the potential to disrupt endocrine functions by interfering with
steroidogenesis (steroid hormone production), indicating that different pathways can be
responsible for an endocrine disruptive effect of a compound.
For example, when estrogen levels are altered it could be caused either by direct
effects of a compound on the

estrogen receptor (ER), effects on aromatase activity

(enzyme responsible for conversion of androgens into estrogens) or effects on hepatic
estrogen metabolism. However, all will lead to the disruption of endocrine homeostasis and
subsequent adverse health effects, such as impaired fertility or increased risk of hormonedependent tumors.

20

Table 1.3 Summary of the toxicity of BFRs from experimental data, in vivo and in vitro studies.
Brominated flame retardant
Test system
PBDEs

IN VIVO

MICE

Oral

RAT

Oral

IN VITRO

HBCD

IN VIVO

RAT

Oral

IN VITRO
TBBPA

IN VIVO

IN VITRO

ZEBRAFISH

Water

RAT

Oral

Toxicological effects

References

-

brain development affected
learning and memory impairment
thyroid effects: T4 depletion
reproductive effects (m):
- impaired spermatogenesis
- impared growth of seminal vesicles
and neutral and lateral prostate
- delay in onset of puberty
- decreased plasma sex steroid concentrations
- behavior: (f) sex-dimorphic: increased sweet preference
- increased CYP1A1, 2B and T4-UGT
activities

74,75

- slight inhibition aromatase
- inhibition estradiol sulfotransferase
- antiandrogenic, antiestrogenic and antiprogestagenic
- slight AhR agonistic effects
- strong competition for thyroid binding
- thyroid effects: T4 depletion and increased absolute thyroid
gland weights
- induction of T4-UGT activities
- increased CYP2B, CYP3A activities

67,71,82,83

-

84 67

increased in recombination frequency
antagonism effects on the AhR, AR and ER
decreased egg production and hatching
increased premature oocytes and posthatching mortality
nephrotoxicity in newborn rats

- cytotoxicity through mithocondrial dysfunction
- proliferation effects through cell cycle and MAPK pathways
- increased intracellular free calcium and extracellular
glutamate
- induces reactive oxygen species (ROS)
- thyroid hormone-disrupting activity
- potent competitor for T4 binding to human transthyretin
(TTR)

76-78 79 65,80,81

69,70

85

86

87 72 88 89 71

3 Sex steroidogenic hormone receptors (SSHRs)

The action of sex steroid hormones such as estrogens is mediated by sex steroid hormone
receptors (SSHRs) in the target cell. These receptors belong to the nuclear hormone
receptor family and include among others the estrogen (ER alpha, beta) and androgen
(AR) receptors. Other SSHRs belong to the sub-family of orphan receptors for which
specific ligands with high binding affinity have not yet been identified or maybe do not
exist

91

.

These steroid hormone receptors share a common structure of five functionally
domains. The action of many SSHRs is ligand-binding-dependent. Briefly, the specific
ligand binds to the receptor, this complex dimerizes and translocates into the nucleus
where it binds to the DNA and can either up- or down-regulate the expression of specific
target genes (Figure 1.5).
With respect to endocrine disruption, the estrogen receptor is the best known and most
studied SSHR. There are at least two subtypes of the ER, alpha and beta, which are
encoded by different genes and differ in the C-terminal ligand-binding domain as well as in
the N-terminal transactivation domain. In humans, ERα is among others present in the
endometrium, pituitary, hypothalamus, breast tissue and ovarian stroma cells.

Ligand

Cytoplasm

Sex steroid hormone
receptor (SSHRs)

Biological effect

Nucleus

transcription

Responsive
proteins

mRNA

Figure 1.5 Schematic SSHR activation by ligand-binding-dependent mechanism.

The expression of the ERβ has been detected in endothelial cells, brain, bone, intestinal
mucosa, heart, kidney, lungs and prostate

92

. Both estrogen receptors control different

functions depending on which tissue they are expressed. Besides the ligand-dependent
mechanism of activation, SSHRs may also be activated by signalling pathways that are
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present on the cell surface and membrames. SSHRs, along with other transcription factors,
93

are regulated by reversible phosphorylation
pathways could affect the activity of NRs

94

. Kinase-mediated signal transduction

and the AR, for instance, can be substrate of

protein kinase A, protein kinase C, mitogen-activated kinase, and casein kinase II

95

.

Many studies have been performed to clarify the cellular and molecular mechanism of
action of various (suspected) endocrine disruptors in relation to binding to hormone
receptors. The anti-androgenic action of the fungicide vinclozolin, for example, is
thoroughly characterized. Vinclozolin metabolites competitively inhibit the binding of
androgens to the mammalian AR
DDE

97,98

96

, some organophosphates

. Other AR-antagonist EDs include the DDT metabolite,

99

and the fungicide procymidone

100

.

4 Steroidogenesis

Steroid

hormones

such

as

glucocorticoids

(e.g.

cortisol),

mineralocorticoids

(e.g.

aldosterone), progestins (e.g. progesterone), androgens (e.g. testosterone) and estrogens
(e.g. estradiol) are formed by steroidogenic enzymes. These enzymes include specific
cytochrome P450 (CYPs), hydroxysteroid dehydrogenases (HSDs) and steroid reductases.
Two key enzymes in the sex steroidogenesic pathway are CYP17 and CYP19 (also called
aromatase)

101

.

The novo synthesis of all steroid hormones begins with the transformation of
cholesterol into pregnenolone. Pregnenolone can be converted into progesterone or 17 αhydroxypregnenolone and both steroids form the precursors of all other sex steroid
hormones (Figure 1.6).
The biosynthesis of steroid hormones is mostly limited to steroidogenic tissues like
adrenals, adipose tissue, brain, gonads (ovary and testis) and placenta; although these
hormones exhibit their functions in steroidogenic as well as in non-steroidogenic tissues.
The adrenal gland is the most important steroidogenic organ and unlike the gonads, is
essential for survival

102

. All steroidogenic processes occur in the adrenal cortex, which is

divided into three zones (glomerulosa, fasciculate and reticularis). Each zone is responsible
for

the

synthesis

of

a

specific

group

of

glucocorticoids, and weak androgens, respectively

steroid
101

hormones;

mineralocoricoids,

.

In addition, the gonads (ovary and testis) also have significant steroidogenic activities
and are responsible for the production of the most potent estrogens (e.g. 17β-estradiol)
and androgens (e.g. dihydrotestosterone). These sex steroids are essential for sexual and
reproductive functions and play an essential role in the development of eggs and sperm.
Many studies with environmental relevant chemicals have been shown to have the
ability to disturb the balance of androgens and estrogens. For example, triazine herbicides
such as atrazine, simazine and propazine or their major metabolites have been shown not
to act as estrogen receptor agonists, but enhance aromatase activity

103,104

.
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Figure 1.6 Scheme of the steroidogenesic pathway.

4.1.1 CYP17 (17(-hydroxylase/17,20-lyase)
In steroidogenic tissues (except in placenta), pregnenolone and progesterone are
converted
respectively

by
105

CYP17

into

dehydroepiandrosterone

(DHEA)

and

androstenedione,

. DHEA is a precursor of the androgen androstenedione, which can be

further converted into estrogens by aromatase (CYP19). CYP17 is thus a key enzyme
controlling the biosynthesis of glucocorticoids and sex steroids

106

. Also, CYP17 activity and

DHEA production has been measured in the cerebral cortex of neonatal rat brain,
suggesting a role in neurobehavioral processes

107

.

A deficiency of CYP17 causes increased production of hormones with mineralocorticoid
activity as a result of overproduction of adrenocorticotrophin; a consequence of this is for
example hypertension. In contrast, an increase of CYP17 activity may lead to an
overproduction of dehydroepiandrosterone thus higher amounts of circulating androgens,
which will lead to masculinization of a female. This is the case of polycystic ovary
syndromes (PCOS) where the production of androgens is increased as a result of the
induction of CYP17

108,109

. It is postulated that DHEA supplementation can be beneficial to a

number of disorders like cardiovascular disease, diabetes, obesity, depression and
osteoporosis. As such DHEA is sometimes called the ‘fountain of youth’
being used as dietary supplement.
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and is often
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4.1.2 CYP19 (aromatase)
The cytochrome P450 enzyme aromatase, also called estrogen synthetase, is an enzyme
complex responsible for the conversion of androgens into estrogens and determines the
systemic ratio between both. The aromatase complex consists of two components: a
cytochrome P450 monooxygenase, which is a product of the CYP19 gene, and its redox
partner NADPH cytochrome P450 reductase, located in the endoplasmic reticulum

111

. In

the steroidogenic pathway, aromatase converts the C19 steroids androstenedione and
testosterone to estradiol and estrone, respectively, through aromatization of the steroid
ring

112-114

.

Gonads are the main tissues where estrogens are being produced. In premenopausal
women, the ovaries are the major source of estrogen production from which these
hormones enter systemic circulation. However, in men and postmenopausal women, other
non-gonadal tissues, such as the prostate and adipose tissue, are mainly responsible for
the production of estrogens.

115,116

.

A decrease in aromatase activity would lead to low circulating estrogen levels. As a
consequence of this is a disturbance in regulation of the menstrual cycle in premenopausal
women or bone demineralization in postmenopausal women can occur. On the other hand,
increased levels of estrogens as a result of induced aromatase activity may lead to a
higher risk of estrogen-dependent breast tumor.

5 Scope of this thesis

The main purpose of this thesis is to assess the in vitro effects of brominated flame
retardants and their metabolites on sex steroidogenesis and steroid hormone receptors.
Chapter 2 describes the potential of BFRs and some of their metabolites to alter
aromatase activity in the human adrenocortical carcinoma H295R cell line. Development
and validation of an in vitro enzymatic technique to study the possible effects on CYP17
activity by these compounds is presented in Chapter 3. Results from both chapters
indicated that in general, parent PBDEs did not significantly alter CYP19 or CYP17
activities, but pronounced inhibitory effects were found for their hydroxylated metabolites.
In order to differentiate between cytotoxic effects of these hydroxylated metabolites and
actual catalytic inhibition of aromatase, a series of experiments with human placental
microsomes have been performed, which are described in Chapter 4. Chapter 5 describes
the anti-androgenicity of the same BFRs and some of their metabolites in two different in
vitro recombinant systems with the human AR. In Chapter 6, an in vivo study is presented
that was performed as part of the EU-FIRE project. Two genomic techniques (microarray
and qRT-PCR) were used to describe the changes in hepatic gene profiles in HBCD exposed
rats. The results and implications of our studies described in this thesis are discussed and
summarized in Chapter 7.
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Inhibition and induction of aromatase (CYP19) activity by BFRs in H295R cells

Abstract

Brominated flame retardants (BFRs) are persistent and ubiquitous chemicals in the
environment, and are found at increasing levels in tissues of wildlife and humans. Previous
in vitro studies with the BFR class of polybrominated diphenyl ethers (PBDEs) have shown
endocrine disrupting properties. Our study assessed the potential effects of nineteen
PBDEs, five hydroxylated PBDEs (OH-PBDEs), one methoxylated PBDE (MeO-PBDE),
tetrabromobisphenol-A (TBBPA), its dibromopropylether derivative (TBBPA-DBPE), and the
brominated phenols/anisols 2,4,6-tribromophenol (TBP), 4-bromophenol (4-BP) and 2,4,6tribromoanisole (TBA) on the catalytic activity of the steroidogenic enzyme aromatase
(CYP19) in

human adrenocortical carcinoma (H295R) cells. Effects were studied in the

concentration range from 0.5 to 7.5 μM; exposures were for 24 h. 6-OH-BDE-47 and 6OH-BDE-99 showed an inhibitory effect on aromatase activity at concentrations > 2.5 μM
and > 5 μM, respectively. However, 6-OH-BDE-47 also caused a statistically significant
increase in cytotoxicity (based on mitochondrial MTT reduction and lactate dehydrogenaseleakage (LDH)) at concentrations > 2.5 μM that could explain in part the apparent
inhibitory effect on aromatase activity. Compared to 6-OH-BDE-47, the methoxy analogue
(6-MeO-BDE-47) did not elicit a cytotoxic effect, while significant inhibition of aromatase
remained. TBP caused a concentration-dependent induction of aromatase activity between
0.5 and 7.5 μM (with a maximum of 3.8 fold induction at 7.5 μM). This induction was not
observed when a MeO- group replaced the OH- group or bromine atoms adjacent to this
OH- group were absent. These in vitro results provide a basis for studies of more detailed
structure-activity relationships between these brominated compounds and the modulation
of aromatase activity.

34

Chapter 2

Introduction

Flame retardants are chemicals that are added to materials to inhibit or suppress ignition
and are incorporated during the manufacture of e.g. electronic equipment, furniture,
construction materials and textiles. Brominated organic compounds comprise a significant
portion of brominated classification otherwise known as brominated flame retardants
(BFRs). From an environmental point of view, BFRs have become an increasingly
important

group

polybrominated

of

organohalogen

diphenyl

ethers

compounds,

(PBDEs),

which

includes

among

tetrabromobisphenol-A

others

(TBBPA)

and

hexabromocyclododecane (HBCD) diastereomers that are all high production volume
chemicals 1. At the beginning of this century the global demand for PBDEs was estimated
to be close to 70,000 metric tons per year 2.
Already several decades ago PBDEs were detected in the environment 3, and at that
time even the presence of the now controversial 2,2´,3,3´,4,4´,5,5´,6,6´-decabromoDE
(BDE-209) was found in soil and sludge samples collected from areas surrounding PBDE
manufacturing facilities 4. Temporal assessment of PBDE levels in wildlife species (e.g.
Lake trout (Salvelinus namaycush)) from the Great Lakes of North America estimated
doubling times of 2 to 5 years

5

although recent studies have shown that PBDE levels seem

to decrease slowly in some parts of the world 6. In addition, PBDE concentrations have
been rapidly increasing in human breast milk from Swedish and North American women
7,8

.
Hydroxylated PBDEs (OH-PBDEs) are purported metabolites of PBDEs

9

and have been

reported in the blood of wildlife and humans. OH-PBDEs were present in blood of rats
dosed with PBDE mixtures

10

. Blood plasma of Swedish Atlantic salmon (Salmo salar),

herring (Clupea harengus) and commercial fish oils were also found to contain OH-PBDEs
and/or MeO-PBDEs

11,12

. OH-PBDEs that are retained in biological systems consist mainly

of 6-OH-2,2’,4,4,’-tetrabromoDE (6-OH-BDE-47). This major metabolite was recently
reported in the plasma of various fish species from the Detroit River in the Great Lakes
basin

13

. It has been suggested that observed OH-PBDEs in the blood plasma of fish may

be due to cytochrome P450-mediated metabolism of PBDEs, and/or accumulation of
naturally occurring OH-PBDEs depending on factors such as marine vs. freshwater
ecosystems and species 9. In this respect, it should also be noted that OH-PBDE congeners
such as 6-OH-BDE-47 and 2’-OH-BDE-68 have been shown to be of natural origin in
marine fish

14

.

There is increasing concern as to the role of BFRs and their metabolites as potential
endocrine disruptors (EDs) in humans and wildlife

15

. So far, in vitro interactions of PBDEs

and their hydroxylated metabolites have been observed with transthyretin, the human
thyroxine transport protein, due to competition with the thyroid hormone thyroxine or
competition

with

natural

estrogens

on

the

estrogen

receptor

16,17

.

Furthermore,

hexabromocyclodecane (HBCD), 2,4,6-tribromophenol (TBP) and TBBPA have found to be
quite toxic to aquatic organisms

1,18

. Based on various animal studies with EDs, including

some BFRs, possible adverse effects on development, reproduction and immune function
in wildlife and possible humans have been suggested or can no longer be excluded

15,19

.
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Furthermore,

mice

studies

have

shown

that

neonatal

exposure

to

tetra

pentabrominated diphenyl ethers can cause dose related neurobehavioral effects

20

and

.

At present many important data gaps for BFRs exist with respect to e.g. reproductive
or

developmental

in

vivo

effects,

which

cause

many

uncertainties

in

the

risk

characterization and assessment for these compounds. In addition, it should also be
recognized that many of the endocrine disrupting effects of these BFRs have been
observed either in vitro or in vivo at relative high concentrations

19

from which its

significance is unclear under normal environmental conditions. One of the key processes in
the effects mentioned above is regulated by aromatase (CYP19). This enzyme mediates
the conversion of androgens to estrogens through a bioconversion process known as
aromatization. In humans this enzyme activity is expressed in various tissues such as
ovaries, breast, testes, placenta, fetal, adrenals and brain

21

, and is directly involved in

reproduction, development, behavior and estrogen dependent carcinogenesis

22

. Recently,

our laboratory has identified the interaction of several pesticides and suspected in vivo EDs
with aromatase in the human adrenocortical carcinoma (H295R) cell line

23

. This cell line

expresses a significant number of steroidogenic enzymes that are involved with the
synthesis of androgens, estrogens and corticoid steroids

24

.

In this study we assessed the possible effects and structure-activity relationships of
several environmentally-relevant BFRs and some of their possible metabolites on the
expression or catalytic activity of aromatase using the H295R cell line.

Materials and Methods

Selected brominated flame retardants or their metabolites
H295R cells were exposed to a range of BFRs, i.e., TBBPA, tetrabromobisphenol-A – bis
(2,3) dibromopropylether (TBBPA-DBPE), TBP, and a number of PBDEs and their
hydroxylated or methoxylated derivatives (Table 2.1). With the exception of (TBBPADBPE), which was a gift from Broomchemie, Terneuzen, (The Netherlands), the rest of
chemicals were synthesized at the Wallenberg laboratory of the Stockholm University
(Sweden). All BFRs were highly purified (>99% purity) and the presence of brominated
dibenzo-p-dioxins or dibenzofurans was eliminated applying a charcoal column as
described earlier

14,25

. Stock solutions of 2.5 mM were used for further dilution to

experimental concentrations that ranged from 0.75 µM up to 7.5 µM. This concentration
range was initially selected based on earlier experiments in our laboratory with this cell
line and a variety of different phytochemicals and pesticides

26,27

.

Cell culture and treatment
H295R cells were obtained from the American Type Culture Collection (ATCC #CRL-2128)
and grown under culture conditions published previously by

23

. Briefly, the cells were

grown in 1:1 Dulbecco’s modified Eagle medium/Ham’s F-12 nutrient mix (DMEM/F12)
(GibcoBRL 31300-038). The medium was supplement with 6.7 µg/l sodium selenite, 10
mg/l insulin

36

and 5.5

ml/l transferring

(ITS-G, GibcoBRL 41400-045), 100

U/ml
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penicillin/streptomycin (GibcoBRL 15140-114) and 1% serum Ultroser SF (Sopachem,
France). Cells were cultured in 24-well plates (Greiner, The Netherlands) and seeded with
1 ml of cell suspension per well at 37ºC and 5% CO2. The culture medium was changed
24h after plating, during which time the cells attached to the plate and reached almost
confluence. After this time period the cells were exposed to test chemicals (see Table 2.1)
that were added to the wells at various concentrations (0.75 μM up to 7.5 μM) using 2.5
mM of stock solutions in DMSO (0.1% v/v).
As positive control for aromatase induction, cells were exposed to (100 to 300) μM of
8-bromo-cyclic-adenosine-monophosphate

(8-Br-cAMP,

Sigma

B5386).

4-

hydroxyandrostenedione (4-HA) was used as a positive control for aromatase catalytic
inhibition (10 μM ) as described earlier

26

.

Aromatase assay
The catalytic activity of aromatase was determined based on the tritiated water-release
method

28

. The method measures the production of 3H2O, which is formed as a result of

the aromatization of the substrate [1β-3H] androstenedione. Cells were exposed to 54 nM
([1β-3H] androstenedione) (New England Nuclear Research Products, Boston, MA, USA)
dissolved in serum-free (Ultroser SF-free) culture medium
described earlier

28

27

. Following the procedure

, 200 μl of culture medium was extracted and used for measuring the

level of radioactivity after a substrate incubation period of 90 min. Corrections were made
for background radioactivity, dilution factor and specific activity of the substrate.
Protein determination
The cells were stored at 4°C for measurement of protein content within 2-4 days,
according to methods described earlier

29

. Protein levels were extrapolated from a

standard curve that was generated using bovine serum albumin (Sigma A7030).
Cytotoxicity measurements
Cell viability, as an indicator of cytotoxicity, was determined by measuring the capacity of
H295R cells to reduce MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
to formazan

30

. MTT is reduced to blue-colored formazan by the mitochondrial enzyme

succinate dehydrogenase, which is considered a sensitive measure of the mitochondrial
function. Briefly, the cells in each well on the 24-well plate were incubated for 30 min, at
37ºC with 0.5 ml of MTT (1 mg/ml) dissolved in culture medium without serum. Then, the
MTT solution was removed, after which the cells were washed twice with PBS. The
formazan formed in the cells was extracted by adding 1 ml of isopropanol and incubation
for

10

min

at

room

temperature.

The

alcohol

fraction

was

measured

spectrophotometrically at 595 nm (FLUOstar Galaxy V4.30-0/ Stacker Control V1.02-0,
BMG Labtechnologies).
Lactate dehydrogenase (LDH) leakage was also used as an indicator of cytotoxicity for
measuring the membrane integrity of the cells. The amount of LDH was measured using
the method of

31

. The percentage of LDH leakage was determined by measuring the

amount of LDH present in the well medium, relative to the total sum of the LDH in medium
and cellular lysate.
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Data analysis
All experiments were done in triplicate and within an individual experiment each
concentration was tested in quadruplicate. Experiments were found to be reproducible.
Figures shown are those of one representative experiment. All results are presented as
means with their standard deviations. Statistically significant differences from control
groups were calculated using a two-tailed t-test analysis.
Results
Induction of aromatase activity
Thirty BFRs and derivatives were studied individually to determine the effects on
aromatase (CYP19) in the H295R cell line. Nineteen different PBDEs were tested and none
of these showed a significant inductive effect on aromatase activity (Table 2.1). Only BDE28 and BDE-38 (Table 2.1), showed minor induction of aromatase, which was observed
only at the highest concentration of 7.5 µM, and exceeded no more than two times the
control activity.
However, significant dose dependent induction of aromatase was observed for TBP in
the concentration range from 0.5 to 7.5 µM. A maximum of 3.8 fold induction of
aromatase (Figure 2.1) was measured at 7.5 µM. We also studied the structure-activity
relationship for bromophenol-mediated aromatase induction with respect to the presence
of bromine atoms adjacent to the OH-group, and the replacement of the OH-group with a
MeO-group.

Aromatase (% of control)

450
400
350
300
250
200
150
100
50
0
0,5

1,25

2,5

3,75

5

7,5

2,4,6-tribromophenol [µM]
Figure 2.1 Induction of aromatase activity by 2,4,6-tribromophenol (TBP) in human adrenocortical
carcinoma H295R cells. Three independent experiments were done and each concentration was tested
in quadruplicate. Graph shows one representative experiment. The results are presented as means with
their standard deviations (SD).
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Table 2.1 Effects on aromatase activity. Summary of induction and inhibition on human adrenocortical
carcinoma H295R cells by BFRs studied. n.e.= no effect.
Brominated flame retardant

Induction
Inhibition
Cytotoxicity
(% at 7.5 μM) (% at 7.5 μM) (MTT at 7.5 μM)

Structure

BDE-19 [2,2’,6]

n.e.

n.e.

52 %

BDE-28 [2,4,4’]

200.8 ±10.2

n.e.

n.e.

BDE-38 [3,4,5]

197.8 ± 18.6

n.e.

n.e.

BDE-39 [3,4’,5]

n.e.

n.e.

n.e.

BDE-47 [2,2’,4,4’]

n.e.

n.e.

n.e.

BDE-49 [2,2’,4,5’]
BDE-79 [3,3’,4,5’]
BDE-99 [2,2’,4,4’,5]
BDE-100 [2,2’,4,4’,6]

6
1

5

6'

1'

5'

2'

2

4

Br

O

4'

3

3

'

Br

n.e.

n.e.

n.e.

n.e.

n.e.

n.e.

n.e.

n.e.

71 %

n.e.

n.e.

72 %

BDE-127 [3,3’,4,5,5’]

n.e.

n.e.

40 %

BDE-153 [2,2’,4,4’,5,5’]

n.e.

n.e.

n.e.

BDE-155 [2,2’,4,4’,6,6’]

n.e.

n.e.

n.e.

BDE-169 [3,3’,4,4’,5,5’]

n.e.

n.e.

66 %

BDE-181 [2,2’,3,4,4’,5,6]

n.e.

n.e.

n.e.

BDE-183 [2,2’,3,4,4’,5’,6]

n.e.

n.e.

n.e.

BDE-185 [2,2’,3,4,5,5’,6]

n.e.

n.e.

n.e.

BDE-190 [2,3,3’,4,4’,5,6]

n.e.

n.e.

n.e.

BDE- 206[2,2’,3,3’,4,4’,5,5’,6]

n.e.

61.3 ± 5.5

n.e.

n.e.

63.7 ± 5.8

n.e.

n.e.

n.e.

n.e.

n.e.

58.9 ± 19.4

n.e.

388.8 ± 12.7

n.e.

n.e.

BDE-209
[2,2’,3,3’,4,4’,5,5’,6,6’]
Br
CH3
HO

TBBPA

CH3
Br
Br

Br
OH

Br
CH3

OC3H5Br2

TBBPA – DBPE

CH3
Br
Br

Br

OC3H5Br2

OH
Br

Br

2,4,6-tribromophenol
Br
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OH

4-bromophenol

n.e.

n.e.

n.e.

n.e.

n.e.

n.e.

n.e.

1.87 ± 2.6

46 %

n.e.

46.42 ± 6.66

n.e.

n.e.

n.e.

30%

n.e.

n.e.

n.e.

n.e.

n.e.

n.e.

n.e.

66.78 ± 6.6

n.e.

Br
OMe

Br

Br

2,4,6-tribromoanisole
Br
Br

Br
O

6-OH-BDE-47

HO

Br

Br

Br

Br
O
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Structurally-related 2,4,6-tribromoanisole (TBA) and 4-bromophenol (4-BP) were used
for this purpose (Table 2.1). At 2.5, 5 and 7.5 μM TBA and 4-BP did not show any
induction of aromatase (data not shown). This indicates that the hydroxy group, combined
with adjacent bromine(s), is an essential structural requirement for the induction of
aromatase in the H295R cells. No change in protein content or cytotoxicity was observed
in experiments with TBP, 2,4,6-TBA or 4-BP treatments. As a positive control for these
induction experiments, 8-Br-cAMP was used at 100 μM, which caused a four fold induction
of aromatase activity as reported earlier
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Inhibition of aromatase activity
Of the nineteen (Table 2.1) different PBDEs tested at concentrations ranging from 2.5 to
7.5 μM, none of the congeners showed a significant inhibitory effect on aromatase activity
except BDE-206 and BDE-209, but only at 7.5 μM (Table 2.1). For BDE-206 the aromatase
activity was 61% of the control activity at a concentration of 7.5 μM. For some of these
congeners, e.g., BDE-99, significant cytotoxicity was found at the highest concentrations
(> 7.5 μM). Initial range finding experiments were done with five different OH-PBDEs.
Some of these compounds, e.g. 6-OH-BDE-99 and 6-OH-BDE-47, caused a significant
reduction of aromatase activity, 46.4% and 1.8% respectively at 7.5 μM (Table 2.1).
A

B

Figure 2.2 (A) Inhibition of aromatase activity by 6-OH-BDE-47 in human adrenocortical carcinoma
H295R cells. Three independent experiments were done and each concentration was tested in
quadruplicate. Graph shows one representative experiment. The results are presented as means with
their standard deviations (SD). (*) Significantly different from control (P < 0.05). (B) Cytotoxicity of 6OH-BDE-47 measured by MTT and LDH assays.

The most potent OH-PBDE, 6-OH-BDE-47, was then further tested in more detail at
various concentrations ranging from 0.5 μM up to 7.5 μM, which confirmed a strong
concentration dependent inhibitive effect on aromatase (Figure 2.2.A). However, cell
viability measurements using MTT and LDH clearly indicated that the decreased aromatase
activities occurred at concentrations of 6-OH-BDE-47 that were also cytotoxic (Figure
2.2.B). In contrast, no cytotoxic effects were observed for 6-OH-BDE-99, not even at the
highest concentrations (Table 2.1). These results suggest that position of the OH-group
and possible adjacent bromine atoms can have a differential influence on the inhibition of
aromatase as well as cytotoxicity in this in vitro system. The MeO-analogue of 6-OH-BDE47, 6-MeO-BDE-47, showed no cytotoxicity, which demonstrates that cytotoxicity of 6-OHBDE-47 is a function of the OH-group. Nevertheless, an aromatase inhibition of
approximately 50% still remained with 6-MeO-BDE-47 at concentrations of 5 and 7.5 μM
(Figure 2.3).
This experiment indicates that the presence of a 6-MeO-group reduces, but does not
eliminate completely, the inhibitive potency of 6-OH-BDE-47 on aromatase activity.
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Two brominated bisphenol A compounds were also tested for inhibition of aromatase.
TBBPA did not have a significant effect on aromatase activity and was not cytotoxic at
concentrations of 2.5 and 7.5 μM. However, TBBPA-DBPE decreased the catalytic activity
of aromatase with 50% at 7.5 μM (Figure 2.4), and this was not caused by cytotoxicity,
which was absent at the concentrations tested (data not shown).

*

Figure 2.3

Comparison of the inhibition of aromatase activity by 6-OH-BDE-47 and 6-MeO-BDE-47 in

human adrenocortical carcinoma H295R cells. Three independent experiments were done and each
concentration was tested in quadruplicate. Graph shows one representative experiment. The results are
presented as means with their standard deviations (SD). (*) Significantly different from control (P <
0.05).

Figure 2.4 Inhibition of aromatase activity by 4-hydroxyandrostenedione (4-HA) and TBBPA-DBPE in
human adrenocortical carcinoma (H295R) cells. Experiments were done in triplicate and each
concentration was tested in quadruplicate. Graph shows one representative experiment. The results are
presented as means with their standard deviations (SD). (*) Significantly different from control (P <
0.05).
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Discussion

BFRs are widespread environmental contaminants that can commonly be found in the
abiotic as well as biotic environment. A number of these compounds such as certain PBDE
congeners and HBCD diastereomers (e.g., α-HBCD) bioaccumulate in the (human) food
chain and are found in human milk and blood at concentrations that approach those of
PCBs

32

.

Detailed information about possible mechanisms of toxicological or biological action is
mostly lacking for these BFRs. However, both in vitro and in vivo experiments with e.g.
PBDEs and TBPPA have shown that these compounds or their hydroxylated metabolites or
analogues can have an effect on thyroid hormones, estrogen receptor and neurobehavioral
development
EDs

15

17,33,34

. Based on these earlier results, some BFRs are considered as potential

for which more information is necessary with respect to mechanism of action and

concentration-effect relationships. In view of the accumulation of some PBDEs in humans
and wildlife, there is concern about possible effects on e.g. reproduction and development
by these compounds. One of the obvious endpoints to assess possible effects on the
steroidogenesis by BFRs is aromatase, the key enzyme for the production of estrogens and
involved in many developmental and reproductive processes.
In our study we observed interactions of some BFRs and related compounds with
aromatase activity in the human adrenocortical carcinoma (H295R) cell line, which also
possesses a wide range of steroidogenic enzymes (CYP17, 3β-HSD among others). Using
the same H295R cell line, our laboratory previously demonstrated that a number of
pesticides, herbicides and fungicides are capable of both inhibiting or inducing aromatase
activity

26,27,35

.

Only a few out of the 30 different BFRs (mainly PBDEs or their structural analogues)
had an inhibiting or inducing effect on aromatase activity. However, the presence and
position of a OH-group, or substitution with a MeO-group, had a modulating effect on the
potency of the inhibition. Two lower brominated PBDEs (BDE-28 and BDE-38) and TBP
could induce aromatase in vitro. Whereas both PBDE congeners induced aromatase
slightly, TBP was found to be a more potent inducer, closely resembling 8-Br-cAMP in
H295R cell line

26,35

. It was also found that the OH-group in combination with adjacent

bromine atoms plays an essential role in this induction mechanism. This was indicated by
further experiments with 2,4,6-tribromoanisole (TBA) or 4-bromophenol (4-BP), which
both did not cause induction of aromatase.
TBP is widely found in the environment and it is a natural occurring compound in the
marine environment

18

as well as a synthetic flame retardant. Other studies with TBP

showed that it can bind to the estrogen receptor and transthyretin, a thyroid hormone
transport protein

16

. Our experiments now show that TBP can, at least in vitro, interfere in

steroidogenesis by inducing aromatase. Thus, this compound clearly shows a number of in
vitro effects that would classify it as a potential in vivo endocrine disruptor that needs to
be investigated more. Furthermore, the exact mechanism of induction of aromatase in
these H295R cells has to be elucidated for which different promoter genes can be
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responsible

26

. The human aromatase gene is under the control of different tissue-specific

promoters with an apparently different physiological and biological relevance

36

. In H295R

cells several promoters are involved in the induction of aromatase activity through
different activation pathways, depending on the inducer added to the cells (e.g. cAMP or
prostaglandines). Previous studies in our laboratory showed that amplification responses of
aromatase pII and I.3 promoters could be measured in H295R cells after exposure to
different inducers

26

. Based on these results it could be suggested that induction of

aromatase by TBP might take place via one of these promoter regions (p.II or pI.3), but
further experiments are needed to elucidate the possible induction pathway.
From a physiological point of view, induction of aromatase activity will increase
estrogen production. Estrogens are involved in numerous processes and among others
play a crucial role in reproduction, development and hormone depended carcinogenesis

37

.

Our results provided a basis for more research on BFRs and their potential modulating role
in in vivo estrogen synthesis. For most BFRs studied in our experiments, an antiestrogenic effect due to inhibition appears to be more likely with exception of TBP, which
was found to be a clear inducer. However, further in vivo experiments should confirm if
such an effect is relevant.
Apparent hydroxylated metabolites of BDE-47 and BDE-99 (OH-BDE-47, OH-BDE-99)
and a derivative of TBBPA, TBBPA-DBPE, showed potent inhibitory effects, which caused as
much as 95% reduction of the aromatase activity at a concentration of 7.5 μM for 6-OHBDE-47. However, simultaneous cytotoxicity tests in the same concentration range
demonstrated a significant reduction of MTT and increase in LDH leakage by 6-OH-BDE-47.
The latter results indicate that the inhibition of aromatase by 6-OH-BDE-47 may at least in
part be explained by cytotoxicity of this compound.
In order to differentiate possible cytotoxic effects from aromatase inhibition by the
hydroxy group in a PBDE molecule we also studied the methoxy derivative of 6-OH-BDE47. Our experiments with 6-MeO-BDE-47 did not show cytotoxicity, but a significant
inhibition of aromatase activity still remained. The two OH-PBDEs metabolites with an OHgroup in the 6 position, 6-OH-BDE-47 and 6-OH-BDE-99, with the only difference being
just one additional adjacent bromine atom, showed differences in inhibition and
cytotoxicity. This structural difference is apparently sufficient to modify the highly
cytotoxic 6-OH-BDE-47 into the non-cytotoxic compound 6-OH-BDE-99, while conserving
aromatase inhibitive properties.
Combined, our results indicate that at least in vitro some environmentally relevant OHPBDEs can influence steroidogenesis through aromatase inhibition and concurrent
cytotoxicity, but this strongly depended on the position of the OH-group and bromine
atoms. Several hydroxylated and methoxylated PBDE derivatives have been found in
Atlantic salmon, herring, ringed and gray seal from the Baltic Sea and their concentrations
were of the same order of magnitude as PBDEs present in the sample 12,13,38. Further, 6MeO-BDE-47 has also been found in human blood

13,38,39

. However, the occurrence of OH-

PBDEs in the environment is complicated by the fact that many now appear to be natural
products, at least in marine environments. Particularly OH-PBDEs with the OH-group in an
ortho-position are known endogenous compounds in organisms from the marine
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environment

38

. In addition, both OH-PBDEs and TBBPA have been found to have the

necessary structural properties to interact with TTR and thyroid receptor, with could
consequently lead of a cascade of effects on the thyroid hormones

33

.

The question rises if the observed in vitro inhibition potency of OH-PBDEs in our study
could possibly be relevant for the in vivo situation. To have a first indication of the
relevance of this effect for the human situation a comparison with pharmacological
aromatase inhibitors can be made. Earlier in vitro experiments in our laboratory with the
human adrenocortical carcinoma (H295R) cell line and the aromatase inhibitor fadrozole
showed an IC50 value of 3 nM

26

. Thus, the inhibition potency of fadrozole is many order of

magnitudes higher than those observed for some OH- or MeO- derivatives of PBDEs and
TBBPA-DBPE in the present study.
No information about the occurrence of BDE-47 derivative in human blood is yet
available. From literature it is known that certain PBDEs, like BDE-47, can be measured in
human blood and serum samples at levels ranging between 4 and 16 ng/g lipid weight
40,41

. As a worst case scenario could be used that the hydroxylated and methoxylated

PBDEs would be present in the human body at similar concentrations as that of BDE-47.
In this case a maximum concentration of metabolites that might be found in whole
blood would be about 0.35 nM 1 . This estimated blood concentration is still several orders
of magnitude lower than the medium concentrations of hydroxylated and methoxylated
PBDEs (2.5 – 7.5 μM) that had a significant inhibitory effect in our in vitro experiments.
Thus, assuming that medium concentrations in our in vitro experiments can be compared
with our maximal estimated blood concentrations in humans, our calculations could
indicate that in vivo aromatase interaction by these PBDE metabolites would not easily be
achieved. However, a more precise assessment can only be made when more in vivo
information is available e.g. about human tissue and plasma concentration of these PBDE
metabolites and TBBPA-DBPE.
In conclusion, we have identified some BFRs that are able to either inhibit or induce in
vitro aromatase activity in the human adrenocortical carcinoma (H295R) cell line. The
importance of a phenolic structure, position of the hydroxy group and bromine atoms was
established, but based on these results a complete structure activity relationship can yet
not be determined. At present insufficient information is available about these BFRs and
their metabolites in e.g. humans to actually determine the possible in vivo relevance of
this effect.
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parameters used for calculation: plasma weight = 1.02 kg/L, plasma fat = 2%, total
blood volume = 5.1 L (of which 2.8 L is plasma).
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CYP17 inhibition by BFRs and PBDE metabolites in H295R cells

Abstract

Fire incidents have decreased significantly over the last 20 years due, in part, to
regulations requiring addition of flame retardants (FRs) to consumer products. Five major
classes

of

brominated

flame

retardants

(BFRs)

are

hexabromocyclododecane

diastereomers (HBCDs), tetrabromobisphenol-A (TBBPA) and three commercial mixtures of
penta, octa, and decapolybrominated diphenyl ether (PentaBDE, OctaBDE and DecaBDE),
which are used extensively as commercial FR additives. Furthermore, concentrations of
PBDEs have been rapidly increasing during the 1990’s in human breast milk and a number
of endocrine effects have been reported. We used the human adrenocortical carcinoma
H295R cell line to assess possible effects of some of these BFRs (PBDEs and several of
their hydroxylated (OH) and methoxylated (MeO) metabolites or analogues), TBBPA and
brominated phenols (BPs)) on the combined 17α-hydroxylase and 17,20-lyase activities of
CYP17. CYP17 enzyme catalyzes an important step in sex steroidogenesis and is
responsible for the biosynthesis of dehydroepiandrosterone (DHEA) and androstenedione
in the adrenals. In order to study possible interactions with BFRs, a novel enzymatic
method was developed. The precursor substrate of CYP17, pregnenolone, was added to
control and exposed H295R cells, and enzymatic production of DHEA was measured using
a radioimmuno-assay. In order to avoid pregnenolone metabolism via different pathways,
specific chemical inhibitor compounds were used. None of the parent BFRs had a
significant effect (P<0.05) on CYP17 activity except for BDE-183, which showed significant
inhibition of CYP17 activity at the highest concentration tested (10 µM), with no signs of
cytotoxicity as measured by mitochondrial toxicity tests (MTT). A strong inhibition of
CYP17 activity was found for 6-OH-2,2´,4,4´-tetrabromoDE (6-OH-BDE-47) with a
concentration dependent decrease of almost 90% at 10 µM, but with a concurrent
decrease in cell viability at the higher concentrations. Replacement of the 6-OH-group by a
6-MeO-group eliminated this cytotoxic effect, but CYP17 activity measured as DHEA
production was still significantly inhibited. Other OH- or MeO-PBDE analogues were used to
elucidate possible structural properties behind this CYP17 inhibition and associated
cytotoxicity, but no distinct structure activity relationship could be determined. These in
vitro results indicate that OH and MeO-PBDEs have potential to interfere with CYP17
activity for which the in vivo relevance still has to be adequately determined.
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Introduction

Brominated flame retardants (BFRs) are used, among others, in plastics, electronic
equipment, television sets, mobile devises, building materials and textiles to increase their
resistance to fire. BFRs have become an increasingly important group of organohalogen
compounds,

which

include

hexabromocyclododecane

diastereomers

(HBCDs),

tetrabromobisphenol-A (TBBPA) and commercial mixtures of polybrominated diphenyl
ether (PentaBDE, OctaBDE and DecaBDE) congeners, which are extensively used at high
production-volume levels (e.g. in 2001, the total market demand for PBDEs was 67,000
tonnes including 7,500 tonnes of the PentaBDE product 1). Nowadays, Penta and OctaBDE
mixtures have been banned in Europe and production voluntarily stopped in United States.

Table 3.1 Structures of brominated flame retardants (BFRs) and related compounds.

Some BFR compounds were found in environmental samples as long as 25 years ago,
but they are now found globally in biota and accumulate in lipid-rich organisms, e.g. fatty
fish and marine mammals 2,3. Their physical and chemical properties can explain these
increased levels in biotic tissues. Many BFRs are lipophilic and slowly metabolized; they
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also have high binding affinity to organic matter and a tendency to accumulate in
sediments

4,5

.

In vitro studies have shown that certain BFRs can affect thyroid hormone homeostasis
by acting as potent competitors of thyroxin (TT4) for binding to human transthyretin (TTR)
and thyroid hormone receptors (THR)

6,7

. Some PBDEs have also shown interactions with

the estrogen receptor in vitro by stimulating an ER-mediated luciferase reporter gene

8,9

.

In addition, European concentrations of PBDEs in human milk have increased during the
period 1972-1997, from 0.07 to 4.02 ng/g lipid weight, indicating a doubling in levels
every 5 years

10

. Recent studies have shown PBDE levels seem to have reached a

maximum value and are starting to decrease slowly

11

. This is probably related to the

European ban on some BFR compounds, e.g. the PentaBDE mixture, during the last years.
However, in North America levels are on average 10-20 times higher, compared to the
European situation.
In exposed organisms, including humans, toxic effects, bioaccumulation, metabolism
and pharmacokinetics are important criteria for the risk assessment of BFRs. In rats and
mice,

tissue

distribution

and

metabolism

of

several

PBDEs

(e.g.,

2,2´,4,4´-

tetrabromodiphenyl ether (BDE-47), 2,2’,4,4’,5-pentabromodiphenyl ether (BDE-99) and
2,2´,3,3´,4,4´,5,5´,6,6´-decabromodiphenyl ether (BDE-209)) and TBBPA have been
investigated

12-18

. BDE-47 and -99 have been shown to be rapidly absorbed and distributed

among lipid rich tissues. In contrast, TBBPA and BDE-209 were rapidly excreted; resulting
from a relatively fast metabolism and/or elimination

15,19,20

. In the case of BDE-209

biotransformation into hydroxylated (OH-) and methoxylated (MeO-) PBDEs or lower
brominated diphenyl ethers in combination with a low bioavailability in general from the
gastrointestinal (GI) tract, has been reported in dietary exposure studies with common
carp

21

.

OH- and MeO-PBDEs have also been reported in the blood and liver of wildlife and
humans

22-26

. However, the origin of these derivatives remains controversial. Some of

these OH-PBDEs (e.g. 6-OH-BDE-47) can be produced by marine organisms such as
sponges or ascidians, but in higher vertebrate species P450 enzyme-mediated processes
can also produce these OH-PBDEs. Moreover, HBCD isomers, 2,4,6-tribromophenol (TBP)
and TBBPA have found to be toxic to aquatic organisms and may have long term adverse
effects in the aquatic environment

27-29

.

Consequently, the concern about BFRs and their derivatives with respect to their
potential as endocrine disruptors has been growing in humans and wildlife during the last
decade. Potential endocrine disruptor compounds may cause reproductive problems,
certain cancers and other toxicities related to (sexual) differentiation, growth and
development if present at sufficiently high levels. Several cytochrome P450 (CYP) enzymes
are responsible for the highly specific reactions in the steroid biosynthesis pathway and
are

potential

targets

for

endocrine

disruption.

These

steroidogenic

enzymes

are

responsible for the biosynthesis of various steroid hormones, including glucocorticoids,
mineralocorticoids, progestins and sex hormones (estrogens and androgens). Androgens
and subsequently estrogens are ultimately derived from cholesterol via the formation of
pregnenolone, 17-α-hydroxypregnenolone and dehydroepiandrosterone (DHEA), the latter
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two synthesized by CYP17. Androgens may subsequently be converted to estrogens by the
enzyme aromatase (CYP19). Thus, both CYP17 and CYP19 catalyze key steps in the
production of sex hormones in humans.
The CYP17 enzyme catalyzes two different enzymatic steps, steroid 17α-hydroxylase
and 17,20-lyase activities, and is responsible for the production of DHEA, which is
synthesized abundantly in the adrenal gland in humans

30

. The plasma levels of DHEA rise

continually from the age of 6 to 7, reaching a maximum in the second decade of life, after
which it declines to about 15% of the peak level in the ninth decade of life.
Both in vitro and in vivo experimental studies strongly indicate that DHEA is related to
anti-obesity, anti-tumor, anti-aging and anti-cancer effects

31

. DHEA is a potent non-

competitive inhibitor of mammalian glucose-6-phosphate dehydrogenase (G6PDH) and as
a consequence lowers NADPH levels and reduces NADPH-dependent oxygen-free radical
production. Furthermore, in rats, DHEA inhibited the expression of some hepatic
carcinogen-activating enzymes like CYP1A1 and CYP1A2

32,33

.

Recent studies in our laboratory focused on potential interactions of a wide range of
BFRs with sex hormone synthesis and metabolism. Previous results from our research
group showed inhibitory and inductive effects by certain BFRs in the human adrenocortical
carcinoma H295R cell line on aromatase (CYP19) activity. H295R cells express a large
number of steroidogenic enzymes

34

and were also used in the present study, to develop a

new enzymatic method for CYP17 activity measurement, and to assess possible effects of
selected BFRs and their metabolites.

Materials and Methods

Brominated flame retardants and analogues
H295R cells were exposed to a selection of BFRs, i.e., tetrabromobisphenol-A (TBBPA),
tetrabromobisphenol A – bis (2,3 dibromopropylether (TBBPA-DBPE or FR-720)), 2,4,6tribromophenol (TBP). A range of polybrominated diphenyl ethers (PBDEs) and their OHor MeO-PBDE derivatives (Tables 3.1 and 3.2) were synthesized as described elsewhere
35,36

. All BFRs were highly purified (>99% purity) and the presence of brominated dibenzo-

p-dioxins or dibenzofurans was eliminated by applying a charcoal column clean-up step

35

.

Stock solutions of 2.5 mM were used for further dilution to experimental concentrations
ranging from 0.01 μM to 10 μM.
Cell culture and treatment
H295R cells were obtained from the American Type Culture Collection (ATCC #CRL-2128)
and grown in culture under conditions published previously

37

. Briefly, the cells were grown

in 1:1 Dulbecco’s modified Eagle medium/Ham’s F-12 nutrient mix (DMEM/F12) (GibcoBRL
31300-038). The medium was supplemented with 6.7 µg/l sodium selenite, 10mg/ml
insulin

and

5.5

ml/l

transferrin

(ITS-G,

GibcoBRL

41400-045),

100

U/ml

penicillin/streptomycin (GibcoBRL 15140-114) and 1% serum Ultroser SF (Sopachem,
France). Cells were cultured in 24-well plates (Greiner, The Netherlands) and seeded with
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1 ml of cell suspension per well at 37ºC and 5% CO2. The culture medium was changed
24h after plating, during which time the cells attached to the plate and reached almost
confluency. Then the cells were exposed to test chemicals (brominated flame retardants)
which were added to the wells at various concentrations using 2.5 μl of stock solutions
dissolved in DMSO.
Enzymatic activity (CYP17) assay
The catalytic activity of CYP17 was determined after addition of 0.1 μM pregnenolone
(substrate) to control and exposed H295R cells and measuring the production of DHEA
using a commercial RIA kit (Radioimmunoassay #IM1138, Immunotech, Bechman Coulter
Company). The inter-assay coefficient of variation was less than 10%. Pregnenolone
metabolism into mineral- and glucocorticoids via 3β-hydroxysteroid dehydrogenase
mediation was inhibited with trilostane (1 μM). As positive control for CYP17 inhibition SU10603 (1 μM) was used (Figure 3.1).
Protein determination
The cells were stored at 4°C for measurement of protein content within 2-4 days,
according to methods described earlier

38,39

. Protein levels were determined from a

standard curve that was generated using bovine serum albumin (Sigma A7030).
Cytotoxicity measurements
Cell viability, as an indicator of cytotoxicity, was determined by measuring the capacity of
H295R cells (control and exposed) to reduce MTT (3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide) to formazan

40

. MTT is reduced to blue-colored formazan by

the mitochondrial enzyme succinate dehydrogenase, which is considered a sensitive
measure of mitochondrial function. The formazan formed in the cells was extracted by
adding 1 ml of isopropanol and incubation for 10 min at room temperature. The alcohol
fraction was measured spectrophotometrically at 595 nm (FLUOstar Galaxy V4.30-0/
Stacker Control V1.02-0, BMG Labtechnologies).
Data analysis
All experiments were done in duplicated and within an individual experiment each
concentration was tested in quadruplicate. Dose-response curves were drawn using Prism
3.0 (GraphPad Software Inc, USA). Results are presented as means with their standard
deviations. Statistically significant differences from control groups were calculated using a
two-tailed t-test (P<0.05).

Results
Enzymatic activity (CYP17) assay
The

catalytic

activity

of

CYP17

was

determined

based

on

the

production

of

dehydroepiandrosterone (DHEA), a weak androgen produced by two CYP17 enzymemediated steps, 17α-hydroxylase and 17,20-lyase (see Figure 3.1). After addition of 0.1
μM pregnenolone (substrate) in control and exposed H295R cells, the production of DHEA
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was measured using a radio-immunoassay (see Materials and Methods). In order to
measure CYP17 activity without interference of pregnenolone metabolism into mineraland glucocorticoids, the enzyme 3β-hydroxysteroid dehydrogenase was simultaneously
blocked with trilostane (1 µM). A pyridine derivative SU-10603 (1 µM), was used as a
positive control for human CYP17 inhibition (Figure 3.1).

Trilostane (T)
(inhibitor of 3ßHSD)

Cholesterol
CYP11
Pregnenolone
17α-hydroxylase

Progesterone
17α-hydroxylase
(CYP17)

(CYP17)

17α-hydroxypregnenolone
17,20 lyase

3βHS

3βHS

17α-hydroxyprogesterone
17,20 lyase
(CYP17)

(CYP17)

Dehydroepiandrosterone
(DHEA)

SU-10603 (SU)

3βHS

Aromatase (CYP19)

estrone

androstenedione

testosterone

Aromatase (CYP19)

17β-estradiol

(inhibitor of CYP17 activity)

Figure 3.1 Schematic diagram of the enzymatic activity (CYP17) assay. Trilostane and SU-10603,
inhibitors of 3beta-hydroxysteroid dehydrogenase and CYP17 activity respectively were used at 1 µM.

Preliminary experiments were carried out to establish the conditions of the CYP17
catalytic assay. Different concentrations of pregnenolone and the inhibitors trilostane and
SU-10603 concentrations as well as incubation times for the production of DHEA were
studied for optimization (Figure 3.2.A and 3.2.B). A range of pregnenolone concentrations
was added to untreated H295R cells in order to measure DHEA production without
interference from non-specific binding in the radioimmunoassay and 0.1 µM pregnenolone
was chosen for subsequent experiments, when no cross-reactivity was measured (<1%)
(data not shown). The pyridine derivative SU-10603 was chosen from a group of inhibitors
(Figure 3.2.B) of the steroidogenesis pathway (imazalil, propiconazole, prochloraz and
nonylphenol) because of its specificity for CYP17

41

. No non-specific binding to SU-10603

(1 µM ) was observed in the radioimmunoassay.
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A

B

Figure 3.2 Optimization of CYP17 catalytic assay conditions. (A) Production of DHEA (as indicator of
CYP17 activity) measured after 30, 45, 60 and 90 min of incubation time using pregnenolone (0.1 μM)
as precursor, and the effects of trilostane (1 μM)(inhibitor of 3β-HSD) and/or SU 10603 (1 μM)
(inhibitor of CYP17 activity) in human adrenocortical carcinoma H295R cells. (B) CYP17 inhibition after
treatment with SU-10603, propiconazole, prochloraz and nonylphenol at 1 μM. The graphs show one
representative experiment from all experiments done in order to establish the best conditions for CYP17
assay.
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Effects of BFRs on CYP17 activity
BFRs were added to the cell cultures at concentrations ranging from 0.01 to 10 µM and
possible inhibitory or inductive effects on CYP17 activity were determined after 24h of
exposure. Six PBDEs were tested and, except BDE-183, none of the congeners showed a
significant effect on DHEA production in the H295R cells (Table 3.2). BDE-183 caused a
moderate, but statistically significant inhibition of CYP17 of 20% of that of the controls at
10 µM. In addition, H295R cells were exposed to different phenolic brominated flame
retardants (TBP, TBBPA, TBBPA-DBPE), but no inductive or inhibitive effect on CYP17
enzyme activity was measured either. At these concentrations no signs of cytotoxicity
were observed with any of the BFR compounds tested (Table 3.2).

Table 3.2 Effects of selected brominated flame retardants (BFRs) and derivatives on CYP17 activity in
human adrenocortical carcinoma H295R cells. Exposures were for 24h in quadruplicate. Values
represent means ± standard deviations (SD); n=2. (*) Significantly lower than control (P < 0.05).

Effects of OH-PBDEs derivatives on CYP17 activity
Initial range finding experiments with five different OH-PBDEs (0.01 up to 10 µM) showed
a significant inhibition, which was more than 50% of control CYP17 activity for 6-OH-BDE47, 6-OH-BDE-99 and 4-OH-BDE-49 at 10 µM (Table 3.2). 2-OH-BDE-28 and 4-OH-BDE42 also showed a slight inhibition of CYP17 at the highest concentration tested, exceeding
no more than 20-30% of the control (Table 3.2). However, cell viability measurements of
MTT indicated that the decrease of CYP17 activity caused by 6-OH-BDE-47, 4-OH-BDE-49
and 2-OH-BDE-28 occurred at cytotoxic concentrations. In contrast 6-OH-BDE-99 and 4OH-BDE-42 were not found to be cytotoxic up to 10 µM, while for 6-OH-BDE-99 a 67%
inhibition of CYP17 activity could be found at 10 µM (Table 3.2).
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A

B

Figure 3.3 Concentration-response curves for inhibition of CYP17 activity by 4-OH-BDE49, 6-OHBDE47 and their methoxylated derivatives 6-MeO-BDE47 and 4-MeO-BDE49 treatments in the human
adrenocortical carcinoma H295R cells. Exposures were for 24h in quadruplicate. Values represent
means ± standard deviations (SD) (n=2). (*) Significantly lower than control (P < 0.05).

Effects of MeO-BDE derivatives on CYP17 activity
The methoxylated analogues of 6-OH-BDE47 and 4-OH-BDE49 were also tested to assess
possible effects on CYP17 activity in the wider concentration range of 0.01 to 10 μM. 6MeO-BDE-47 showed a statistically significant inhibition of the catalytic activity of CYP17
(of approximately 50%) at the highest concentration (10 μM) but not cytotoxicity (Figure
3.3.A). In contrast, 4-MeO-BDE-49 did not influence DHEA production at any of the
concentrations used (Figure 3.3.B) nor were cytotoxic effects observed (Table 3.2).
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Discussion

Detailed information about possible mechanisms of action is mostly lacking for these BFRs
(e.g. TBBPA and PBDEs). However, both in vitro and in vivo experiments with e.g. PBDEs
and TBPPA have shown that some of these compounds and/or their metabolites have
effects on thyroid hormones, the estrogen receptor and neurobehavioral development
44

8,42-

. Based on these earlier results certain BFRs are considered potential endocrine

disruptors

4

for which more information is necessary with respect to mechanisms of action

and concentration-effect relationships. Further, the PentaBDE mixture and some individual
PBDEs did show anti-androgenic effects in several in vitro and in vivo studies

45,46

.

Previous studies in our laboratory found effects of several BFRs and their derivatives on
aromatase (CYP19) activity in the human adrenocortical carcinoma H295R cell line. 2,4,6tribromophenol (TBP) showed a 4-fold induced on aromatase (CYP19) activity and several
OH-PBDEs inhibited strongly aromatase (CYP19) activity. The presence and position of a
OH-group, or substitution with a MeO-group, had a modulating effect on the potency of
the inhibition. Using the same cell line, it was also shown earlier that a number of
herbicides, phytochemicals, fungicides and pesticides were capable of affecting aromatase
(CYP19) activity

47,48

.

In addition to aromatase, CYP17 enzyme also plays a key role in steroidogenesis by
synthesizing weak androgens in the adrenal gland and the potent androgen testosterone in
the testis. In the present study, fifteen different BFRs and their derivatives were studied in
the human adrenocortical carcinoma H295R cell line to find potential interactions with
CYP17. To measure this type of steroidogenic interaction a new bioanalytical method was
developed with a radioimmuno-assay for DHEA production measurements.
In our experiments it was shown that none of the BFR parent compounds tested had an
effect on CYP17 activity, except for some minor inhibition by BDE-183. However, CYP17
activity was inhibited significantly by almost all hydroxylated PBDEs tested, most evidently
by 4-OH-BDE49, 6-OH-BDE-47 and 6-OH-BDE-99. These hydroxylated PBDEs caused as
much as 75% reduction of the CYP17 activity at a concentration up to 10 μM. However,
this observed inhibitory effect by 6-OH-BDE-47 and 4-OH-BDE-49 can to some extent be
explained by cytotoxicity due to the presence of an OH group in these molecules. This was
illustrated by our experiments with the methoxy analogues 6-MeO-BDE-47 and 4-MeOBDE-49 that did not show cytotoxicity. However, cytoxicity by itself could not explain the
effects of these compounds on CYP17 activity only, as in the case of 6-MeO-BDE-47 there
was still significant inhibition but no cytoxicity observed. In contrast, substitution of the
OH group in 4-OH-BDE-49 by a methoxy group caused a loss of CYP17 inhibitory
properties. The reason for this congener specific difference is presently unexplained, but
the position of the OH is very likely to play a role. The significant role of the position of the
hydroxy (OH) as well as methoxy (MeO) group possibly in combination with an adjacent
bromine is also supported by the observations on cytotoxicity of 6-OH-PBDEs, as 6-OHBDE-99 was found to be not cytotoxic while the other OH-PBDE congeners were.
Apparently hydroxylation and the 2 or 4 positions in the BDE molecule has a significant
influence on cell viability. To our knowledge this is the first time that it is shown that
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metabolites of PBDEs can have CYP17 inhibiting capacity. Very few studies have addressed
the possible interaction of environmental contaminants with CYP17. The inhibition of
estradiol secretion was shown to be due to CYP17 inhibition when human luteinizing
granulosa cells were treated with TCDD, which was not related to any decrease in
aromatase activity

49

.

Comparable results were reported earlier for the inhibitory effects of BFRs and some of
their hydroxylated or methoxylated analogues on CYP19 activity

50

. Similar to our CYP17

study, the presence and position of an OH and MeO group in a PBDE congener influenced
the potency of in vitro inhibition of CYP19 activity. The governing role of OH- versus MeOgroups in PBDE substrates in inhibition of steroidogenic enzymes is apparently not
restricted to PBDEs alone. It has also been shown by Sanderson and co-workers

51

who

investigated the effects of various natural and synthetic flavonoids on the catalytic activity
of aromatase in the H295R cell line. Some of these compounds, (e.g. hydroxylated
derivatives

of

flavonoids)

were

inhibitors

of

aromatase

activity,

whereas

their

methoxylated analogues mostly lacked aromatase inhibitory properties.
In addition, Lilienthal and co-workers, showed effects on sex steroids in rats exposed
to 2,2´,4,4´,5- pentabromodiphenyl ether (BDE-99)

52

. This study supports the hypothesis

that PBDEs are also in vivo endocrine-active compounds and interfere with sex
steroidogenesis, sexual development and dimorphic behavior. Based on the results of our
present and earlier in vitro studies
52

50

it can be discussed if the observed effects of BDE-99

were actually originating from hydroxylated PBDE metabolites formed in vivo.
From an endocrinological point of view, the inhibition of CYP17 activity would result in

a decrease of the synthesis of weak androgens, such as DHEA and consequently affect on
testosterone and estradiol productions in testes and ovaries respectively.

DHEA is an

abundantly produced adrenal steroid by CYP17 activity with pregnenolone being its
precursor (Figure 3.1). The biological role of DHEA so far has not been fully elucidated.
Both in vitro and in vivo studies strongly indicate that DHEA can inhibit oxygen-free radical
formation and at least partly inhibit related processes like inflammation, altherosclerosis or
carcinogenesis

33

. Already in the 1980s, in vivo studies have been done to elucidate the

physiological role and properties of DHEA. In rodents, DHEA can cause numerous
metabolic changes including a decrease in serum insulin as well as cholesterol levels

53

. In

obese female mice, DHEA reduced weight gain without suppressing appetite. Furthermore,
this steroid also antagonizes the formation of spontaneous mammary tumors in female
mice

54

. The results from the present study indicate a possible effect of OH- and MeO-

PBDEs on CYP17 activity and DHEA production in biota that could have endocrine
consequences in mammals, including humans. Both OH- and MeO-PBDEs have recently
been reported to be present in various biotic samples including herring, salmon, seal and
humans

26,55

. In all these cases, OH- and MeO-PBDE concentrations were measured within

the pM and nM range; this is more than three order of magnitudes lower than the
concentrations (1-10 μM range) that caused significant inhibition of CYP17 activity in our in
vitro experiments. It should be noted that the occurrence of these OH-PBDEs in
environmental samples can originate from either natural or anthropogenic sources

60
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In conclusion, the biological significance and toxicological implications of the observed
in vitro CYP17 inhibition by hydroxylated or methoxylated PBDEs needs further
confirmation in vivo.
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Abstract

Polybrominated diphenyl ethers (PBDEs) are widely used as flame retardants in many
different polymers, resins and substrates. Due to their widespread production and use,
their high binding affinity to particles, and their lipophilic properties, several PBDE
congeners can bioaccumulate in the environment. As a result, PBDEs and their
hydroxylated metabolites (OH-PBDEs) have been detected in humans and various wildlife
samples, such as birds, seals, whales. Furthermore, certain OH-PBDEs and their
methoxylated derivatives (MeO-PBDEs) are natural products in the marine environment.
Recently, our laboratory focused on the possible effects on steroidogenesis of PBDEs and
OH-PBDEs e.g. in the human adrenocortical carcinoma (H295R) cell line indicating that
some OH-PBDEs can significantly influence steroidogenic enzymes like CYP19 (aromatase)
and CYP17. In the present study, human placental microsomes have been used to study
the possible interaction of twenty two OH-PBDEs and MeO-PBDEs with aromatase, the
enzyme that mediates the conversion of androgens into estrogens. All OH-PBDE derivates
showed significant inhibition of placental aromatase activity with IC50 values in the low µM
range, while the MeO-PBDEs did not have any effect on this enzyme activity. Enzyme
kinetics studies indicated that two OH-PBDEs, 5-hydroxy-2,2’,4,4’-tetrabromodiphenyl
ether (5-OH-BDE-47) and 6-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether (6-OH-BDE-47),
had a mixed-type inhibition of aromatase activity with apparent Ki / Ki' of 7.68 / 0.02 µM
and 5.01 / 0.04 µM respectively. For comparison, some structurally related compounds, a
dihydroxylated polybrominated biphenyl (PBB), which is a natural product (2,2’-dihydroxy3,3’,5,5’-tetrabromobiphenyl (2,2’-diOH-BB-80)) and a dihydroxydiphenyl ether were also
included in the study. Again inhibition of aromatase activity could be measured, but their
potency was significantly less than those observed for the OH-PBDEs. These results show
that a wide range of OH-PBDEs have the potential to disturb steroidogenesis and indicate a
potential mechanism of action of these brominated flame retardant derivatives as
endocrine disruptors in humans and wildlife.
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Introduction

Polybrominated diphenyl ethers (PBDEs) are chemicals used as flame retardants in all kind
of materials for electronic and daily apparatuses. PBDEs act in the gas phase of the fire by
reacting with the free radicals that are generated during the combustion process, thus
terminating the reaction

1

. PBDEs can be divided in three commercial mixtures, the

PentaBDE, the OctaBDE and the DecaBDE. Their global production was about 70,000 tons
in 2001

2

and approximately 50% is used in North America. The PentaBDE and OctaBDE

product mixtures have recently been banned in Europe and the production of those was
stopped in North America, through voluntarily action by industry. As a result of their
widespread use, PBDEs are now commonly found in the abiotic and biotic environment,
several of these compounds are lipophilic and environmentally persistent. As a result of
these properties PBDEs have been found to bioaccumulate and biomagnify through the
wildlife and human food chain

2-4

. In humans, PBDE levels are generally higher in North

America than other parts of the world and blood samples from the general USA population
have been found to be in the range of 4-366 ppb with a median of 26 ppb. The lowest
observed adverse effect level (LOAEL) value of the commercial PentaBDE mixture is
considered to be 1 mg/kg/day, which is based on the behavioral effects observed in mice
during a critical period after birth. Higher LOAEL values have been estimated for the
OctaBDE and DecaBDE mixtures 5.
Several studies with rodents have shown that PBDEs can be metabolized to more polar
compounds with a hydroxy, dihydroxy or hydroxy-methoxy structure

6-8

. It is known that

several of these OH-PBDEs are retained in the blood of fish, bird, and mammalian species
6,9,10

including man

11

. MeO-PBDEs have for example been detected in Baltic Sea salmon

(Salmo salar) blood. However, the origin of these MeO-PBDEs and OH-PBDEs from the
marine environment is believed to be of natural origin

10,12

. OH- and MeO-PBDEs are

known natural products that have been found in marine algae and sponges
these OH- and MeO-PBDEs have been isolated and structurally identified

13

. A number of

14,15

. All naturally

occurring OH-PBDEs in these marine organisms have most exclusively hydroxy group in
the ortho position in common and are exemplified by 6-OH-BDE-47 and 2'-OH-BDE-68. In
the environment, MeO-PBDEs may be formed from OH-PBDEs via O-methylation in certain
bacteria

16

. It has also been suggested, but not proven, that methoxylated metabolites of

PBDEs may be formed from OH-PBDEs by methylation in the liver or in intestinal
microflora of vertebrates

8,17,18

. Several, mostly in vitro, studies have shown that PBDEs

can have potential endocrine disrupting properties from which a number of these can be
attributed to

the hydroxylated metabolites. OH-PBDEs can bind

transthyretin (TTR), the thyroid hormone transport protein
through interaction with the estrogen receptor alpha (ERα)

19
20

competitively to

and cause estrogenic effects

.

Previous studies from our laboratory have used the human adrenocortical carcinoma
(H295R) cell line as in vitro system to assess effects of PBDE and some of their
metabolites on steroidogenesis. These experiments show that especially OH-PBDEs could
significantly inhibit CYP19 (aromatase) and CYP17 activity, both key enzymes in
steroidogenesis

21

.
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In humans, the placenta has a high expression of aromatase determining largely the
fetal exposure to estrogens during this sensitive developmental stage

22

. Furthermore, the

placenta is also an essential tissue for blood flow between mother and the fetus, making it
an effective way of transferring maternal PBDEs and/or their metabolites to the unborn.
In the present study, human placental microsomes were used to assess possible
inhibitory effects of a series of OH- and MeO-PBDEs on aromatase. For comparison, some
structurally related compounds i.e. dihydroxylated and dimethoxylated biphenyls were
studied. Two of those i.e. 2,2´-dihydroxy-3,3´,5,5´-tetrabromobiphenyl (2,2´-diOH-BB80) and 2,2´dimethoxy-3,3´,5,5´-tetrabromobiphenyl (2,2´-diMeO-BB-80) are present as
natural products in marine environment

7,23

.

Materials and Methods

Chemicals
In this study, human placental microsomes were exposed to the following hydroxylated
and methoxylated polybrominated diphenyl ethers (OH-PBDEs and MeO-PBDEs), which all
were prepared as described elsewhere

24

and abbreviated according to

25

2’-OH-BDE-28,

2’-MeO-BDE-28, 2’-OH-BDE-66, 2’-MeO-BDE-66, 2’-OH-BDE-68, 2’-MeO-BDE-68, 3-OHBDE-47, 3-MeO-BDE-47, 4’-OH-BDE-17, 4’-MeO-BDE-17, 4-OH-BDE-42, 4-MeO-BDE-42,
4’-OH-BDE-49, 4’-MeO-BDE-49, 5-OH-BDE-47, 5-MeO-BDE-47, 6-OH-BDE-47, 6-MeOBDE-47, 6’-OH-BDE-49, 6’-MeO-BDE-49, 6’-OH-BDE-90, 6’-MeO-BDE-90 (Table 4.1). The
following diphenyl ethers and biphenyls were also tested: 2,2’-dihydroxydiphenyl, 2,2’dimethoxydiphenyl both purchased from Acros Organics (Geel, Belgium) and 2,2’dihydroxy-3,3’,5,5’-tetrabromobiphenyl (2,2’-diOH-BB-80) and 2,2’dimethoxy-3,3’,5,5’tetrabromobiphenyl (2,2’-diMeO-BB-80) (Figure 4.2) which were prepared according to
Marsh et al. 7. All compounds had a purity of >99% (except for 2,2’-dimethoxybiphenyl
98%) and the presence of brominated dibenzo-p-dioxins or dibenzofurans was eliminated
by applying a charcoal column clean up as described earlier

26

. Concentrations tested

ranged from 0.04 μM up to 0.4 mM. This concentration range was selected based on
earlier experiments in our laboratory with the H295R cell line and a variety of different
phytochemicals, pesticides and polybrominated diphenyl ethers

21,27

.

Aromatase assay
The catalytic activity of aromatase was determined based on the tritiated water-release
method of

28

. The method measures the production of 3H2O, which is formed as a result of

the aromatization of the substrate [1β-3H] androstenedione. Human placental microsomes
were exposed to 357 nM ([1β-3H] androstenedione) (New England Nuclear Research
Products, Boston, MA, USA) dissolved in HEPES/MgCl2 buffer (50 mM/5 mM). Following the
procedure described earlier

28

, 200 μl of microsomal buffer was extracted and used for

measuring the level of radioactivity after a substrate incubation period of 40 min.
Corrections were made for background radioactivity, dilution factor and specific activity
of the substrate. Every experiment included human placental microsomes exposed to 4-
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hydroxyandrostenedione (4-HA), as a positive control of aromatase inhibition, with an IC50
of 0.8 nM.
Human placental microsome fraction
Two placentas were obtained from healthy pregnancies after delivery from the St.
Antonius Hospital (Nieuwegein, The Netherlands) with informed consent of the patients
(TME/Z-02-09, Medical Ethical Committee, St. Antonius Hospital, Nieuwegein, The
Netherlands) and stored at –70˚C. In order to isolate the microsomal fraction from the
human tissue, the samples were weighed and homogenized in 10 volumes of TRIS-HCl
buffer (TRIS-HCl 50mM; 1.15% KCl) using a potter Elvehjem device. There after the tubes
were centrifuged for 25 min at 15,000 rpm at 4°C. The supernatant was pipetted into a
clean ultra-centrifuge tube and centrifuged for 1:15h at 47,000 rpm at 4°C. Then, the
supernatant was decanted and the pellet resuspended in sucrose solution (0.25 M). After
that, 3 μl of suspension in tubes was taken with 147 μl milliQ for protein measurement and
the microsome suspension was frozen in aliquots (50/100 μl) at -70 °C and stored until
use. Protein content was measured according to methods described earlier 29. Protein
levels were extrapolated from a standard curve that was generated using bovine serum
albumin (Sigma A7030).
Enzyme kinetic assay
An enzyme inhibitor can be described as competitive or non-competitive. Competitive
inhibition of enzyme activity occurs when a compound binds to the substrate-binding site
of the enzyme while non-competitive inhibitors bind to allosteric sites of the enzyme. In
the presence of a competitive inhibitor, Vmax can be reached if sufficient substrate is in
solution, one-half Vmax needs a higher concentration of substrate compared to the control
situation, and therefore Km is larger. With non-competitive inhibition, enzyme rate Vmax is
reduced for all values of substrate, but Km is not affected because the active site of the
enzyme molecules is unchanged. There are compounds which exhibit both types of
inhibition, competitive and non-competitive and in this mixed type inhibitors, Vmax
increases while Km decreases with higher concentrations. In order to explain the
mechanism of aromatase inhibition by OH-PBDEs, enzyme kinetic experiments were done
using different concentrations of substrate (3H-androstenedione) (25-1000 nM) and
different inhibitors (OH-PBDEs) at 0.04 to 40 μM). Non-linear regressions were done using
Prism 3.0 (GraphPad Software Inc. San Diego, CA, USA) in order to calculate Km and Vmax
values. Ki and Ki' values for mixed inhibitors were estimated from the linear parts of the
slopes

obtained

by

plotting

respectively

Km/Vmax

and

1/Vmax,

versus

inhibitor

concentrations.
Data analysis
All experiments were done in duplicate using two independent human placentas and
results obtained with the OH-PBDEs were not statistically different. Within an individual
experiment each concentration was tested in triplicate. Human placentas were not pooled;
therefore each graph shows one representative experiment. Graphs, statistical significant
differences among means (one-way ANOVA) and IC50 calculations were done using Prism
3.0 (GraphPad Software Inc. San Diego, CA, USA).
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Table

4.1 Structures and IC50 values for aromatase inhibition of OH and MeO-PBDEs in human

placental microsomes after 40 min of incubation. The results are presented as means with their
standard deviations (SD). n.e. no effect. (a) mixed competitor.

OH-position

Structure

Aromatase inhibition

Aromatase inhibition

(% of control at 40 μM)

(IC50 μM)

7.72 ± 1.19

12.27

n.e.

---

2.65 ± 1.4

10.58

n.e.

---

0.13 ± 0.04

5.22

n.e.

---

2.39 ± 0.34

14.42

n.e.

---

27.49 ± 3.25

20.74

2’-OH-BDE-28
Br

Tri

OH
O

Br

Br

2’-MeO-BDE-28
Br

Tri

OMe
O
Br

Br

4’-OH-BDE-17
Br

Tri

Br
O

Br

OH

4’-MeO-BDE-17
Br

Br
O

Tri

OMe

Br

2’-OH-BDE-66
Br

OH
Br

O

Tetra
Br

Br

2’-MeO-BDE-66
Br

Tetra

OMe
O

Br
Br

Br

2’-OH-BDE 68
Br

OH
Br

O

Tetra
Br

Br

2’-MeO-BDE 68
Br

OMe
Br

O

Tetra
Br

Br

3-OH-BDE-47
Br

Tetra
Br
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OH-position

Structure

Aromatase inhibition

Aromatase inhibition

(% of control at 40 μM)

(IC50 μM)

n.e.

---

2.24 ± 0.62

5.22

n.e.

---

6.64 ± 1.65

5.53

n.e.

---

4.57 ± 1.08 (a)

8.72

n.e.

---

2.44 ± 0.24 (a)

7.44

n.e.

---

3-MeO-BDE-47
Br

Br
O

Tetra

OMe

Br

Br

4-OH-BDE-42
Br

Br
O

Tetra

Br
OH

Br

4-MeO-BDE-42
Br

Br
O

Tetra

Br

Br

OMe

4’-OH-BDE-49
Br

Br
O

Tetra
Br

OH
Br

4’-MeO-BDE-49
Br

Br
O

Tetra

Br

Br

OMe

5-OH-BDE-47
Br

Br
O

Tetra

Br

Br
OH

5-MeO-BDE-47
Br

Br
O

Tetra
Br

Br
OMe

6-OH-BDE-47
Br

Tetra

OH
O
Br

Br

Br

6-MeO-BDE-47
Br

OMe
O

Tetra
Br

Br

Br
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OH-position

Structure

Aromatase inhibition

Aromatase inhibition

(% of control at 40 µM)

(IC50 µM)

54.09 ± 5.7

45.88

n.e.

---

5.22 ± 1.39

6.51

n.e.

---

6’-OH-BDE-49
Br

OH
O

Tetra
Br

Br

Br

6’-MeO-BDE-49
Br

OMe
Br

O

Tetra

Br

Br

6-OH-BDE-90
Br

OH
O

Penta
Br

Br

Br
Br

6-MeO-BDE-90
Br

OMe
O

Penta
Br

Br

Br
Br

Results

Inhibition of Aromatase Activity
Human placental microsomes were used to determine the inhibitory effects of derivatives
of PBDEs on aromatase (CYP19) activity. Twenty two OH- and MeO-PBDEs were tested at
concentrations ranging from 0.04 µM to 0.4 mM (Table 4.1). Exposure to the OH-PBDEs
resulted in a concentration-dependent decrease of aromatase activity in all cases with IC50
values in the 5-10 µM range, except for 3-OH-BDE-47 and 6-OH-BDE-49 where IC50 values
were higher than 20 µM (Figure 4.1, Table 4.1).
In general, the aromatase inhibitory potency of these OH-PBDEs is at the same range
and the low observed effect level (LOEL) for most of these metabolites is around 1 µM. No
relationship could be found with the potency of the OH-PBDE as aromatase inhibitor and
the position of the hydroxy group in the molecule. Methoxylated analogues of these OHPBDEs were also tested and none of these MeO-PBDEs showed a significant effect on
placental aromatase activity at concentrations up to 0.4 mM (Table 4.1).
Structurally-related 2,2’-dihydroxydiphenyl ether and 2,2’-dimethoxydiphenyl ether
and brominated biphenyl (2,2’-dihydroxy-3,3’,5,5’-tetrabromobiphenyl (2,2’-diOH-BB-80);
2,2’-dimethoxy-3,3’,5,5’-tetrabromobiphenyl (2,2’-MeO-BB-80) (Figure 4.2) were used to
better understand the inhibition of aromatase with respect to the position of the bromine
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atoms and the presence or absence of an ether bound in the molecule. Results from
exposed human placental microsomes showed a maximum of 50% (of control) inhibition of
aromatase activity by 2,2’-dihydroxydiphenyl ether and 2,2’-diOH-BB-80 at the highest
concentration tested (0.4 mM).
Interestingly, inhibition of aromatase activity by 2,2’-dihydroxydiphenyl ether and 2,2’diOH-BB-80 was lower than in the case of OH-PBDE metabolites exposed human placental
microsomes, where aromatase activity was completely nullified, in the same concentration
range. As with the MeO-PBDEs, the methoxylated diphenyl ether and biphenyl congeners
(2,2’-diMeO-diphenyl ether and 2,2’-diMeO-BB-80) did not show any significant inhibitory
effect on aromatase activity (Figure 4.2).

Figure 4.1 Inhibition of aromatase activity by OH-PBDEs in human placental microsomes after 40 min
incubation.

Two

independent

experiments

were

done

(independent

human

placenta);

each

concentration was tested in triplicate in each experiment and reproducible results were obtained. Graph
shows one representative experiment. The results are presented as means with their standard
deviations (SD).
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Figure 4.2 Inhibition of aromatase activity by 2,2’ OH diphenyl ether, 2,2’ MeO diphenyl ether, 2,2’
OH-BB-80 and

2,2’ MeO -BB-80 in human placental microsomes after 40 min incubation. Two

independent experiments were done (independent human placenta); each concentration was tested in
triplicate in each experiment and reproducible results were obtained. Graph shows one representative
experiment. The results are presented as means with their standard deviations (SD).

Enzyme kinetics
In order to elucidate the mechanism of the aromatase inhibition by these OH-PBDE
compounds, human placental microsomes were exposed to different concentrations of two
inhibitors, 5-OH-BDE-47 and 6-OH-BDE-47, in the range from 0.4 to 40 µM and substrate
(3H-androstenedione) concentration from 20 nM up to 1 µM .
Nonlinear regression analysis of these experiments determined apparent Km and Vmax
values for aromatase activity (Figure 4.3). Vmax was decreased while Km increased when
placental microsomes were exposed to higher concentrations of 5-OH- or 6-OH-BDE-47.
These inhibitors demonstrated mixed inhibition kinetics with corresponding Ki values of
7.68 and 5.01 µM, and Ki' values of 0.02 and 0.04 µM, respectively.
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Figure 4.3 Effects of the inhibitor 5-OH and 6-OH-BDE-47 on the apparent Michaelis-Menten constant
(Km) and maximum velocity (Vmax) of aromatase in human placental microsomes after 40 min
incubation.

Two

independent

experiments

were

done

(independent

human

placenta);

each

concentration was tested in triplicate in each experiment and reproducible results were obtained. Graph
shows one representative experiment. The results are presented as means with their standard
deviations (SD).

Discussion

Hydroxylated PBDEs and Aromatase inhibition
A concentration-dependent decrease of aromatase activity was found when human
placental microsomes were exposed to different OH-PBDEs. Enzyme kinetic studies
indicated that in placental microsomes, OH-PBDEs showed a mixed-type inhibition of
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aromatase activity with apparent Ki and Ki' values of 7.68 μM and 0.02 μM in case of 5OH-BDE-47 and 5.01 μM and 0.04 μM for 6-OH-BDE-47. The fact that Ki was several
orders of magnitude higher indicates a more competitive than non-competitive mechanism
of inhibition.
Comparison of apparent Ki values of 5-OH-BDE-47 and 6-OH-BDE-47 indicate similar
inhibitory potencies and mechanism of action. Thus, the position of the OH group, either
ortho or meta, has no influence on the inhibition of aromatase. For comparison, fadrozole,
a pharmaceutical aromatase inhibitor used in chemoprevention, has also been described as
mixed-type aromatase inhibitor with apparent Ki value of 0.04 μM

30

. However, the Ki

values of 5-OH-BDE-47 and 6-OH-BDE-47 indicate that these compounds are more than
two orders of magnitude less potent aromatase inhibitors than fadrozole.
Previous experiments showed a decrease of aromatase activity in H295R cells after
exposure to different OH-PBDE congeners. However, this was partly due to cytotoxicity

21

.

This is not considered likely in the case of placenta microsomes, indicating that aromatase
inhibition is indeed caused by the metabolites of PBDEs.
Structure-Activity Relationships
The governing role in inhibition of steroidogenic enzymes such as CYP17 and aromatase
21,31

by OH- versus MeO-groups in PBDE molecules is apparently not restricted to PBDEs

only. This was also shown by Sanderson and co-workers

32

who investigated the effects of

various natural and synthetic flavonoids on the catalytic activity of aromatase in this
H295R cell line. Some of these compounds, (e.g. hydroxylated derivatives of flavonoids)
were inhibitors of aromatase activity, whereas again their methoxylated analogues mostly
lacked inhibitory properties.
The presence of a hydroxy group in these compounds appears not only essential for
aromatase inhibition, but also other potential endocrine disrupting effects. In vitro studies
by Meerts and co-workers

19,20

have shown that some of these OH-PBDEs bind

competitively to the TTR and the ERα. Interestingly, less bromination adjacent to the
hydroxy group or non bromination of the phenolic ring was necessary for a higher binding
affinity with the ERα, while this decreased competitive binding to the TTR.
These results are in agreement with those of Handayani and co-workers, who tested
seven different hydroxylated and methoxylated PBDEs for their antibacterial and fungicidal
activities and in several cytotoxicity tests

33

. This study showed that the absence of

bromine relative to an ortho position of the hydroxy group, a lower number of bromine
atoms and methylation of the hydroxy group on the phenolic ring, decreased the
cytoxicity.
In the present study, no relationship was found between aromatase inhibition and
position of the OH group. All hydroxylated PBDEs showed an IC50 in the lower μM range. In
addition, some structurally related diphenyl ethers and biphenyl derivatives were also
included in our study. Up to 50% (of control) inhibition of aromatase activity could be
measured by 2,2’OH diphenyl ether and 2,2’OH-BB-80 (Figure 4.2), but similar to PBDEs,
no effect was shown when the methoxylated analogue was used.

76

Chapter 4

The results of our study show that the hydroxy group is not sole responsible for the
inhibition of CYP19 activity; yet it is a combination of the hydroxy group, the adjacent
bromine atoms and the ether link that determine the effect.
However, the role of the ether link appears the least important because aromatase
activity was also inhibited, although at higher concentrations, by 2,2’OH diphenyl ether as
well as 2,2’OH-BB-80.
Relevance for the human situation
These findings are an extension and in agreement with previous studies from our
laboratory, which found that some OH-PBDEs can inhibit aromatase activity in the human
adrenocortical carcinoma (H295R) cell line

21

. In these earlier studies it was not always

clear to which extent cytotoxicity contributed to the inhibition of aromatase. The use of
placental microsomes eliminates the possibility of cytotoxicity as a confounding factor with
aromatase inhibition by OH-PBDEs. Our present experiments with human placental
microsomes indeed confirm the catalytic inhibition of aromatase by a wide range of OHPBDE congeners.
If the in vitro medium concentrations in our study are compared with internal blood or
serum concentrations found in humans and wildlife, it could be postulated that in vivo
aromatase inhibition can only be expected at concentrations that are effective in our in
vitro experiments.
For this it is assumed that in vitro medium properties approach those of e.g. human
blood or serum. In our study aromatase inhibition occurs at concentrations higher than 1
μM, which is more than three orders of magnitude higher than those in humans and
wildlife. So far, concentrations of OH-PBDEs in blood, adipose and liver tissues, of a limited
number of fish, bird and mammalian species including humans was found to be in the pM
and low nM range

9,10,34-36

.

For comparison pharmaceuticals like letrozole or fadrozole used in chemoprevention of
estrogen dependent tumors, inhibit aromatase activity up to 80 – 90 % of the activity at
low nM. To cause a similar inhibition of aromatase in human placental microsomes, OHPBDEs concentrations between 5 and 10 μM are needed. One of the highest concentrations
found in wildlife so far (salmon plasma) was around 200 pg/g wet weight, which is
approximately is 0.4 nM. This is still more than three orders of magnitude lower than
effective concentrations of OH-PBDEs in our present study.
Hence, the lower potency of OH-PBDEs (>10-3 less) in combination with low
concentrations in wildlife and humans make aromatase inhibition at background exposure
less likely.
Inhibition of aromatase can lead to disruption and imbalance between androgens and
estrogens. Aromatase activity is a key factor in skeletal development and mineralization,
in both males and females. In postmenopausal women, aromatase activity is crucial for
estrogen production within tissues and consequently for bone mass maintenance.
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Conclusions
Human placental microsomes are a good in vitro model to detect catalytic inhibition of
aromatase activity, due to its high activity of CYP19. Compared to in vitro cellular systems
(e.g. H295R cells) cytotoxic effects are avoided and the experimental procedure is less
time consuming than those needed for cell lines. However, transcriptional effects like
induction or down regulation can not be detected with this in vitro model.
The results from our study clearly show that with respect to possible endocrine
disrupting effects mediated via aromatase, more attention should be given to the role of
PBDE metabolites and not focus only on the parent compounds. The potential role of
hydroxylated PBDEs metabolites in aromatase inhibition is also supplementary to their
effects on the estrogen receptor and thyroid hormone transporting protein, which indicates
multiple potential mechanisms of action for endocrine disruption of these brominated
flame retardants.
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Abstract

Polybrominated diphenylethers (PBDEs), hexabromocyclododecane (HBCD) and 2,4,6tribromophenol

(TBP),

used

as

flame

retardants

(FR),

have

been

detected

in

environmental as well as biological samples, e.g. mammalian tissues and fluids. PBDEs are
susceptible to several in vivo metabolic processes including oxidative and reductive
debromination, oxidative CYP enzyme-mediated biotransformation, and/or phase II
conjugation. Hydroxylated and methoxylated PBDEs (OH-PBDEs, MeO-PBDEs) have
recently been reported to be present in various biotic samples including wildlife and
humans. Some in vitro studies indicate that OH-PBDEs are potential endocrine disruptors,
by acting as estrogen receptor agonist or altering sex steroid synthesis. Further, in vivo
experiments showed that brominated flame retardants (BFRs) and its metabolites can
exhibit effects on androgen-dependent tissues. In the present study, the androgen
receptor (AR) agonist and antagonist potencies of several BFR and PBDE metabolites were
studied in different in vitro assays. Recombinant yeast experiments showed that some
PBDEs and its metabolites, HBCD and TBP have antagonistic properties on the AR below or
around the µM range concentrations. T47D-ARE® assays confirmed that some PBDE
metabolites have anti-androgenic effects, although with lower potencies compared to the
results from the recombinant yeast cells (RAA). Possibly, these differences were caused by
variations in cell complexity, such as the presence of phase II metabolism in the T47DARE, but not in the yeast cells. Effect levels from the present in vitro studies are a 100 to
a 1000 fold higher than OH-PBDE plasma levels found in adult and young children.
Nevertheless, these data suggest that BFRs and their metabolites may have the potential
to affect androgen dependent tissues or even reproduction in whole organisms. To make a
better risk assessment it is essential to have a better estimate of body burdens of BFR
including its metabolites.
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Introduction

Brominated flame retardants (BFRs) are chemicals used in all kinds of products for
electronic equipment, furniture, construction materials and textiles to reduce fire risks 1.
BFRs have become an increasingly important group of organohalogen compounds,
which include among others the three major commercial mixtures of polybrominated
diphenyl ethers (PBDEs) Penta, Octa and DecaBDEs, tetrabromobisphenol - A (TBBPA) and
hexabromocyclododecane (HBCD) diastereomers. All are high production volume chemicals
2

with a global production of only PBDEs being already about 70,000 tons in 2001 3.
BFRs are known to leach from materials into the environment and due to the

lipophilicity and persistence, concentrations have been increasing in the abiotic and biotic
environment since the 1970s, showing that they bioaccumulated and biomagnified 4. Along
with the increase levels of BFRs, concerns about possible adverse effects on biota and
humans were rising. As a safety measure, the European Union banned the Penta and
OctaBDE mixtures in 2004 and later United States also stopped their use through a
voluntary withdraw. Therefore concentrations of PBDEs showed a temporal trend that after
an increase during the 1970s and the 1980s, levels decreased in the following years in
Europe, which was recently described for various biological samples

5,6

. In general, USA

PBDE human concentrations reveal between 10 to 100 times higher values when compared
to levels reported in Europe and other countries, probably due to stricter fire safety
regulations in the USA

3,7

.

A different temporal trend has been observed for HBCD; after a peak in the middle of
the 1970s followed by a decrease, the concentrations started to increase again in the late
1980s

5

. First indications of increased HBCD concentrations have been reported in

guillemot eggs from the Baltic Sea and breast milk concentrations from Stockholm
mothers

5,8

. This increase in HBCD environmental concentrations is probably due to the

ban of Penta and OctaBDE mixtures and a subsequent increase in HBCD use.
During the last years, the concern for possible adverse effects of BFRs also includes
PBDE metabolites. PBDE metabolites have been identified in several studies after exposure
to different PBDE congeners as reviewed by Hakk and Letcher et al., 2003 9. For example,
hydroxylated PBDEs (OH-PBDEs) have been identified after in vivo PBDE exposure in mice,
rat and pike

10-12

. PBDE metabolites, mainly tetrabromo- and pentabromo- OH-PBDEs and

methoxylated (MeO-PBDEs), have also been detected in blood and to a lesser extent in
adipose and liver tissues, of a limited number of fish, bird, and mammalian species

10,13,14

.

In 2002, 6-OH-BDE-47 was already identified in human plasma and recently, a total of
eighteen OH-PBDEs were reported in human plasma from Nicaraguan children

16-18

.

Besides being metabolites of PBDEs, several OH- and MeO-PBDE congeners have
previously been identified to be natural products, mainly in marine species, such as marine
sponges and ascidians (tunicates)

19,20

. In general, a hydroxy group in an ortho-position is

most common for OH-PBDEs of natural origin, although there are exceptions, such as 4´OH- 2, 3´,4-tribromodiphenyl ether, identified in red alga

20

.
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Certain OH-PBDEs exert antibacterial activity in vivo

19

and in vitro studies have shown

how some of the OH-PBDEs can bind competitively to thyroid hormone transport proteins
such as transthyretin (TTR)

21

. Further, some BFRs and metabolites showed to have a

higher TTR competition than natural ligands as reported by Hamers and co-workers

22

. In

vivo, binding of hydroxylated PBDEs to TTR could potentially result in the transport of
these compounds across the placenta into the fetus. This could lead potentially to adverse
effects, for example on fetal brain development, as was previously shown for hydroxylated
polychlorinated biphenyls (OH-PCBs)

23

. It is apparent that, like PCBs and organochlorine

pesticides, PBDEs can cross the placenta into the fetal liver circulation

24,25

. First evidence

of PBDE placental transfer is presented by Schecter and co-workers who were able to
measure PBDEs in fetal liver samples

26

.

Further, some OH-PBDEs may be potential endocrine disruptors. Large group of OHPBDE derivates significantly inhibited placental aromatase activity, a key enzyme in the
production of estrogens. In contrast, the MeO-PBDEs did not have any effect on this
enzyme activity in human placenta microsomes

27

.

Several pure PBDE congeners, OH-PBDEs and brominated bisphenol A-analogs, acted
as potent agonists of the estrogen receptor (ER) in three different in vitro cell line assays
based on ER-dependent luciferase reporter gene expression

28

. Similarly, Hamers and co-

workers showed the different potencies of BFRs to interfere with the ER-, androgen
receptor (AR)-, progesterone receptor (PR)-, and aryl hydrocarbon receptor (AhR)mediated pathways using recombinant cell lines

22

. Although many studies have focused

on the potential (anti-)estrogenic properties of BFRs, less is known about the (anti)androgenic potential of these compounds and especially its metabolites. In vitro,
PentaBDE mixture and BDE-100 acted as a competitive inhibitors of the androgen receptor
binding and inhibited androgen-induced gene expression
delayed puberty in male rats

29,30

sex steroids in serum in male rats

29

. In vivo, PentaBDE mixture

and BDE-99 reduced anogenital distance and circulating
31

.

In the present study, we provide more evidence that BFRs and their metabolites have
anti-androgenic activity that act via the androgen receptor below and around the µM
range. Two different in vitro assays were performed to study the androgenic or antiandrogenic properties of a selection of BFRs and metabolites: (1) a robust yeast androgen
bioassay and (2) and T47D-ARE® assay.

Materials and Methods

Chemicals
In this study, the recombinant yeasts and cells were exposed to a selection of BFRs i.e.,
TBBPA,

tetrabromobisphenol

A

–

bis

(2,3

dibromopropylether

(TBBPA-DBPE),

hexabromocyclododecane (HBCD), 2,4,6-tribromophenol (TBP), and a range of PBDEs and
their hydroxylated or methoxylated derivatives

32

(Table 5.1). PBDE metabolites were

selected based on their occurrence and previous experiments in our laboratory with human
placental microsomes
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(Stockholm University, Sweden) as described elsewhere
33

32

were abbreviated according to

and were purchased at 2.5 mM as stock solutions. All compounds had a purity of >99%

and the presence of brominated dibenzo-p-dioxins or dibenzofurans was eliminated by
34

applying a charcoal column clean up as described earlier

. Concentrations tested ranged

from 0.01 μM up to 25 μM. This concentration range was selected based on earlier
experiments in our laboratory with the human adrenocortical carcinoma (H295R) cell line
and a variety of different phytochemicals, pesticides and polybrominated diphenyl ethers
35,36

and experiments with the recombinant yeast assay

37

.

Yeast γEGFP assay
The yeast biosensor expressing the human androgen receptor (hAR) and yeast enhanced
green fluorescent protein (γEGFP) in response to androgens was developed at RIKILT –
Institute of Food Safety, The Netherlands

37

and kindly provided to our laboratory.

The day before performing the assay, an overnight culture of a single colony of yeast
from the agar plate was inoculated in 10 ml of the selective medium as reported earlier by
Bovee and co-workers

37

. Briefly, after the overnight culture, yeast cells were plated in 96-

well plates with an optical density (O.D.) between 0.7 to 1 and exposed to control and test
compounds. Exposure was performed for 24h and fluorescence at this time was measured
directly in the BMG Polarstar Galaxy (Offenburg, Germany) using an excitation wavelength
of 485 nm and measuring emission at 510 nm.
Antagonistic properties of test compounds were examined by co-exposure to a
concentration of Testosterone (T2, 1 µM) that induces half of the maximum AR response in
this assay.
Substrate inhibition assay
Yeast cells were plated on 96 well plates with an optical density (O.D.) from 0.7 to 1.
Yeast cells were co-exposed to final concentrations of T2 ranging from 6E-08 to 2E-02 M
and different concentrations of 6-OH- and 7-MeO-BDE-17 (0, 0.1, 1, 10 and 30 µM).
Exposure was performed for 24h and fluorescence at this time was measured as described
above.
T47D-ARE® AR bioassay
The human breast carcinoma (T47D) cell line has been stably transfected with the
androgen responsive luciferase reporter plasmid at the department of environmental
toxicology, University of California at Davis, Davis, California, USA. The resulting
recombinant T47D-ARE cells were kindly provided by Prof. Dr. M. Denison to our
laboratory.
The T47D-ARE cells were grown and maintained in the regular DMEM (GibcoBRL
41966) supplemented with 10% fetal bovine serum (GibcoBRL 10099-141) and 100 U/ml
penicillin/streptomycin (GibcoBRL 15140-114) in an incubator (37ºC and 5% CO2).
In subsequent experiments, T47D-ARE cells were grown for three days in assay
medium DMEM (GibcoBRL 21063) cointaining 10% dextran-coated charcoal-treated FBS
(Hyclone, SH 3006803) and 100 U/ml penicillin/streptomycin (GibcoBRL 15140-114).
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Then, T47D-ARE cells were seeded in 96 well plates (Corning/Costar 3610) at a density of
4x104 cells per well in 0.2 ml of the assay medium. After 36h, assay medium was renewed
and cells were exposed to the test chemicals (ranging from 0.1 to 30 µM) with or without
the AR agonist (T2, 20 nM) for 24h. The medium was then removed; cells were rinsed with
phosphate-buffered saline (PBS) solution and lysed with 200 µL of lysis buffer (Promega).
Then, the luciferase activity was measured using a Luminoskan Ascent 2.5 (Thermo
Labsystems, Finland) which automatically injected 100 µL of luciferin assay mix (Promega)
just prior to the measurement (delay time of 2s and integration time of 10s).
Data analysis
Yeast experiments were done in duplicate and each concentration was tested in triplicate.
T47D-ARE experiments were done one time and each concentration was tested in
triplicate. Graphs, statistical significant differences among means (one-way ANOVA) and
IC50 calculations were done using Prism 3.0 (GraphPad Software Inc. San Diego, CA, USA).

Table 5.1 Anti-androgenic effects, IC50 concentrations and relative potency of the 41 BFR and
metabolites in the RAA. Exposures were performed for 24h in triplicate. Values are represented as
mean ± standard deviation (SD). Significantly lower than control (P < 0.05).( n.e. no effect).

Co-treatment with Testosterone
Compound
Brominated Flame Retardants

Yeast Assay
AR antagonism
(% at 25 μM)

IC50 (M)

Relative Potency (RP)

1,42E-06

2,32

BDE-19

9,18 ± 4,12

BDE-28

64,48 ± 9,63

BDE-39

74,12 ± 3,35

BDE-47

22,75 ± 2,64

3,55E-06

0,93

BDE-49

46,28 ± 1,47

1,21E-06

2,74

BDE-79

n.e.

BDE-99

n.e.

BDE-100

n.e.

BDE-127

n.e.

BDE-155

n.e.

BDE-169

n.e.

BDE-183

n.e.

BDE-190

n.e.

BDE209
TBP

n.e.
10,22 ± 13,38

4,64E-07

7,14

HBCD

27,78 ± 5,31

8,41E-06

0,39

TBBPA

n.e.
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Co-treatment with Testosterone
Compound
PBDE metabolites

Yeast Assay
AR antagonism

IC50 (M)

Relative Potency (RP)

(% at 30 μM)

4-OH-BDE-17

<1

7,47E-08

44,37

2-OH-BDE-28

<1

> 3E-05

0,08
7,61

4-OH-BDE-42

<1

4,36E-07

3-OH-BDE-47

8,55 ± 7,80

8,22E-07

4,03

5-OH-BDE-47

<1

2,42E-05

0,14
0,04

6-OH-BDE-47

<1

> 3E-05

4-OH-BDE-49

<1

6,51E-06

0,51

6-OH-BDE-49

<1

3,63E-07

9,12

2-OH-BDE-66

4,62 ± 5,36

4,35E-07

7,62

2-OH-BDE-68

5,54 ± 6,25

5,02E-07

6,59
15,16

6-OH-BDE-90

0,68 ± 11,63

2,18E-07

2,2’-OH-BB-80

10,47 ± 7,42

2,06E-06

1,61

4-MeO-BDE-17

26,16 ± 1,95

> 3E-05

0,07

2-MeO-BDE-28

4,08 ± 0,69

8,99E-06

0,37

3-MeO-BDE-47

n.e.

3,31E-06

1,00

5-MeO-BDE-47

n.e.

6-MeO-BDE-47

64,37 ± 8,32

4-MeO-BDE-42

64,51 ± 3,56

4-MeO-BDE-49

76,80 ± 29,82

6-MeO-BDE-49

56,65 ± 4,84

2-MeO-BDE-66

39,38 ± 2,06

2-MeO-BDE-68

63,69 ± 2,29

6-MeO-BDE-90

n.e.

2,2’-MeO-BB-80

n.e.

Controls
Flutamide

< 10% 0.1 mM

E2

n.e.

Dexametasone

n.e.

Results

(Anti-)androgenic properties in RAA
Recombinant yeast cells were used in order to assess the possible AR agonist and
antagonist properties of a selected group of BFRs and PBDE metabolites. Results of 41
different compounds on the AR-yeast assay are shown in Table 5.1. Fluorescence, thus
binding to the AR, was measured after 24h incubation. Every compound was tested at
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concentrations ranging from 0.01 up to 25 μM, except for PBDE metabolites which were
tested up to 30 μM.

Figure 5.1 Concentration-response relationships determined of five BFRs in combination with T2 (1
µM) in RAA. Exposures were performed for 24h in triplicate. Values are represented as mean ±
standard deviation (SD). Significantly lower than control (P < 0.05). The bold line represents the
concentration-response curve for flutamide in combination with T2.

Figure 5.2 Concentration-response relationships determined for hydroxylated PBDEs in RAA. Exposures
were performed for 24h in triplicate. Values are represented as mean ± standard deviation (SD).
Significantly lower than control (P < 0.05). The bold line represents the concentration-response curve
for flutamide in combination with T2.
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The most potent endogenous AR ligands, Testosterone (T2) and dihydroxytestosterone
(DHT) showed standard curves with EC50 values of 0.9 and 0.02 µM. Interestingly, none of
the compounds tested manifested agonist effects in the AR yeast cells (data not shown).
However, exposure of the test compounds in combination with testosterone (T2, 1 µM)
showed significant anti-androgenic effects by some of the BFRs and metabolites (Figure
5.1). Large variations were seen in the efficacy (the inhibition of T2-induced effect varied
between 76.8% and 4.08% at the highest concentration tested) and IC50 values (ranging
from 0.07 µM to 47 µM) between the various compounds.
A

B

Figure 5.3 Concentration-response curves of Testosterone Androgen Receptor induction in RAA after
increasing concentration of (A) hydroxylated and (B) methoxylated PBDEs. Exposures were performed
for 24h in triplicate. Values are represented as mean ± standard deviation (SD). Significantly lower
than control (P < 0.05). The bold line represents the concentration-response curve for T2.

Brominated flame retardants specifically antagonize AR activity in the presence of
Testosterone in RAA.
More than half of the BFRs and PBDE metabolites tested exhibited anti-androgenic effects
when exposed in combination with T2 (Table 5.2). Significant AR antagonism was found
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for BDE-19, BDE-47, BDE-49, HBCD and TBP with IC50 values of 1.4, 3.5, 1.2, 8.4 and 0.4
µM, respectively. Remarkably, TBP showed a higher potency than the positive control of
AR antagonism flutamide (IC50 3.3 µM) (Figure 5.1).
Hydroxylated and methoxylated polybrominated diphenyl ethers antagonize AR activity in
the presence of Testosterone in RAA
Exposure to OH-PBDEs resulted in a concentration-dependent anti-androgenic effect in
most of the cases, with IC50 values below or around the low µM range. 4-OH-BDE-17
showed the highest potency with an IC50 of 0.07 µM and relative potency to flutamide of
44. When the hydroxy groups were replaced by methoxy groups, the AR antagonism
reduced significantly. However, some of the MeO-PBDEs still displayed anti-androgenic
effects, but did not inhibit the T2-induced response more than 50% at the highest
concentration tested. Except for 4-MeO-BDE-17 and 2-MeO-BDE-28, which inhibited T2induced AR-response with 75% and 96% and corresponding IC50 values of 4.7 and 8.9 µM,
respectively (Table 5.1).
Table 5.2 Anti-androgenic effects, IC50 concentrations and relative potency of the 12 PBDE metabolites
tested in the T47D-ARE bioassays. Exposures were performed for 24h in triplicate. Values are
represented as mean ± standard deviation (SD). Significantly lower than control (P < 0.05).

Co-treatment with Testosterone
T47D-ARE
Compound
PBDE metabolites
4-OH-BDE-17

AR antagonism
(% at 30 µM)

IC50 (M)

Relative Potency (RP)

14,66 ± 6,10

2,79E-06

0,47

1,18E-06

1,1

1,30E-06

1

2-OH-BDE-28

19,47 ± 8,04

3-OH-BDE-47

94,70 ± 27,33

5-OH-BDE-47

123,65 ± 31,17

6-OH-BDE-47

10,87 ± 14,56

6-OH-BDE-90

117 ± 12,42

4-MeO-BDE17

90,58 ± 8,60

2-MeO-BDE28

49,24 ± 4,82

3-MeO-BDE47

74,78 ± 9,51

5-MeO-BDE47

105,88 ± 31,90

6-MeO-BDE47

52,98 ± 6,80

6-MeO-BDE90

87,94 ± 23,58

Controls
Flutamide *
E2
* Flutamide IC50 value from [21]
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Substrate (Testosterone) inhibition tests in RAA
The T2 concentration- response curve shifted to the right with increasing amounts of 6OH-BDE-90 and the highest concentration of 6-OH-BDE-90 (30 μM) reduced the T2
efficacy by 30% (Figure 5.3.A). This shows that higher concentrations of T2 were needed
in order to get a full concentration-response curve when co-exposed with 6-OH-BDE-90.
The T2 concentration-response curve was not affects by increasing amounts of 6-MeOBDE-90 (Figure 5.3.B).

(Anti-)androgenic properties in T47D-ARE
Results of 10 selected PBDE metabolites in T47D-ARE cells are presented in Table 5.2 after
a 24h exposure. Every compound was tested at concentration range from 0.1 to 30 μM.
The T47D-ARE response was sensitive and reproducible for exposure to testosterone
(T2) and dihydroxytestosterone (DHT) with EC50 values of 0.5 μM and 0.1 nM (data not
shown).
A

B

Figure 5.4 Concentration-response curves measured for (A) hydroxylated and (B) methoxylated PBDEs
in the T47D-ARE cells. Exposures were performed for 24h in triplicate. Values are represented as mean
± standard deviation (SD). Significantly lower than control (P < 0.05).
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None of the tested PBDE metabolites caused cytotoxicity in the T47D-ARE cells at the
highest concentrations tested (data not shown). Again, none of the hydroxylated or
methoxylated PBDEs showed androgenic effects (data not shown), while co-exposure of
these cells with T2 (20 nM) in combination with increasing concentrations of OH- and MeOPBDEs resulted in antagonistic effects of the AR induction (Table 5.2). Three of the
hydroxylated PBDEs studied, 4-OH-BDE-17, 2-OH-BDE-28 and 6-OH-BDE-47 exhibited
significant anti-androgenic effects at highest exposure concentration (30 μM) (Figure 5.3).
Two of the methoxylated PBDEs tested, 2-MeO-BDE-28 and 6-MeO-BDE-47 showed
moderate, but no statistically significant, antagonistic AR effects (Figure 5.4).

Discussion

In the present study, androgenicity as well as anti-androgenic effects of a selected group
of BFRs and PBDE metabolites were studied in two recombinant in vitro systems, AR
recombinant yeast cells (RAA) and human breast carcinoma cells (T47D-ARE).
No agonistic effects on the AR were observed by any of the tested compounds in either
in vitro system (RAA and T47D-ARE), although a number of BFRs, especially hydroxylated
PBDEs, exhibited significant anti-androgenic effects after co-exposure with Testosterone
(T2). From the results obtained with the parent PBDE congeners in the RAA assay (Figure
5.1) it seems that molecules with lower bromine content have more interaction with the
AR. However, an alternative explanation could be that the higher brominated BDE have
difficulty entering the yeast cells due to their large molecular size. This possibility was
examined by culturing the yeast cells in the presence of the fungicide nystatin. This
antibiotic, creates a “leaky” membrane by forming transmembrane channels with
cholesterol and allow a better penetration of the test compounds into the cells 38. Yet, our
experiments did not show any changes in the effects in RAA by testosterone or BDE-100 in
the presence or absence of nystatin (data not shown). Our studies were performed with
BDE-100 since other studies reported this compound to possess anti-androgenic effects

29

.

Statistically significant anti-androgenic activity was measured for TBP and most of the
tested hydroxylated PBDEs in the RAA. For TBP and 4-OH-PBDE-17, IC50 values of 0.4 μM
or 0.07 μM were found, respectively, displaying even a higher potency than flutamide (IC50
3.3 μM) for AR antagonism. Six of the most potent OH-PBDEs in the RAA and the
methoxylated analoges were also tested in the T47D-ARE and corroborate their antiandrogenic potency in the mammalian cell line. Of the tested compounds, only three OHPBDEs and two MeO-PBDEs tested showed significant anti-androgenic effects. However,
the potency of these compounds was much lower in the T47D-ARE than in the RAA. 4-OHBDE-17, for example, had an IC50 value of 2.8 μM in the T47D-ARE. This discrepancy in
potency is possibly due to the higher complexity of the mammalian cells compared with
the yeast cells. Hydroxylated PBDEs may be conjugated or altered by phase II reactions in
the mammalian cells and consequently less free concentrations are available for the
competition of the AR binding.
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Structure-activity relationships (SAR) regarding the interaction of OH-PBDEs with the
androgen receptor are limited by the fact that most of the PBDE metabolites tested contain
bromine at positions 2,4,4´ or 2,2´,4,4´. Therefore it is difficult based on our results to
identify an overall SAR.
The results of our present study are in a good agreement with recent study where a
similar set of PBDE metabolites was tested for effects on the steroidogenic pathway in the
human adrenocortical carcinoma H295R cell line. Again, no structure relationship could be
found for changes in gene expression and activity levels of selected enzymes such as
CYP11A, 11B, 17, 19 or 21

39

. In previous studies in our laboratory using the same H295R

cell line it was found that some PBDE metabolites could significantly inhibit CYP19 and
CYP17 activity, which are key enzymes in the formation of estrogens and androgens

35,40

.

However, these effects on the sex steroid formation by hydroxylated PBDEs appeared to
be, at least partially, due to significant toxic effects in the cells

39,40

. Substitution of the

OH- group by MeO- group annihilated this cytotoxic effects in most of the cases.
In the present study, no cytotoxic effects were measured in the human T47D-ARE cells
after exposure to hydroxylated PBDEs. In the case of RAA, substrate inhibition tests were
performed to exclude potential cytotoxicity. With increasing concentrations of OH-PBDEs
higher concentrations of T2 were needed to reach the maximum response. These results
confirmed that the antagonistic properties of the OH-PBDEs were caused by the interaction
of OH-PBDEs with the AR rather than by cytotoxicity. The presented anti-androgenic
actions are in the same line as those reported earlier for competitive binding of PBDEs,
such as BDE-100, with the AR

29

. Furthermore, anti-androgenic responses of BFRs

(including PBDE congeners and its metabolites, TBBPA and HBCD) interfering via the
androgen receptor were earlier described with comparable potencies as the results
presented in this manuscript

22

. In addition to these in vitro results, commercial PentaBDE

exposure has been shown to exert anti-androgenic activity that resulted in a delay of
puberty in male rats, suppression of androgen-dependent tissue growth and increase of
circulating luteinizing hormone (LH)

29,30

. Lilienthal and co-workers recently published

endocrine effects by BDE-99 in rats. Male rats showed decreased circulating sex steroid
levels and anogenital distance, while female rats displayed a delay of puberty onset and a
reduced number of primary ovarian follicles

31

. In humans, the first epidemiological study

describing a positive association between congenital cryptorchidism in newborn boys and
PBDE exposure through breast milk was recently published

41

.

Estrogens and androgens play an essential role in sexual functions

42

. The presence or

exposure to anti-androgenic compounds (such as TPB, HBCD or hydroxylated PBDEs) that
can bind to the AR could consequently disrupt endogenous androgen actions. In order to
make an estimate of the relevance of the in vitro effects observed in our study for the
human in vivo situation, human serum or tissue levels were compared with culture
medium concentrations in the in vitro systems. In the case of PBDE metabolites,
hydroxylated PBDEs have been detected in human blood at a maximum of 60 ng/g lipid
weight

16,17

and recalculation of this value to molar units

1

would be in the low nM range.

1

parameters used for calculations: plasma weight = 1.2 kg/L, plasma fat = 2%, total blood volume =
5.1 L (of which 2.8 L is plasma).

93

In vitro anti-androgenicity of a selection of brominated flame retardants and derivatives

This is within a factor 100 to 1000 lower than the lowest IC50 values calculated for antiandrogenic effects in the present study. This suggests that current human exposure levels
are not expected to elicit an anti-androgenic effect or pose a risk for adult humans.
However, for children (from foetus to young children) the risk for PBDEs should be
investigated further, especially since PBDEs and metabolites can transfer from mother to
foetus/child via placenta and breast feeding

26

. Furthermore, substantial levels of PBDEs

have been measured in indoor dust and especially (crawling) children can be exposed to
high levels of PBDE through inhalation of house dust

43

.

Overall, some BFRs and especially PBDE metabolites appear to have antagonistic
properties on the androgen receptor below or around µM concentrations. These results
where found to correlate with earlier in vitro as well as in vivo studies, supporting future
investigations of the potential endocrine disrupting effects of these BFRs for man and
wildlife. Yet, to make a better extrapolation of the in vitro results to the in vivo situation
and risk assessment, it is essential to have a better estimate of body burdens of BFR
including its metabolites.
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Effects of Hexabromocyclododecane on Hepatic Gene Expression Profiles in Rats

Abstract

Hexabromoyclododecane (HBCD), used as flame retardant (FR) mainly in textile industry
and in polystyrene foam manufacture, has been identified as a contaminant at levels
comparable to other brominated FRs (BFRs). HBCD levels in biota are increasing slowly
and seem to reflect the local market demand. The toxicological database of HBCD is too
limited to perform at present a solid risk assessment, combining data from exposure and
effect studies. In order to fill in some gaps, a 28-day HBCD repeated dose study
(OECD407) was done in Wistar rats. In the present work liver tissues from these animals
were used for gene expression profile analysis. Results show clear gender specificity with
females having a higher number of regulated genes and therefore being more sensitive to
HBCD than males. Several specific pathways were found to be affected by HBCD exposure,
like PPAR-mediated regulation of lipid metabolism, triacylglycerol metabolism, cholesterol
biosynthesis, and phase I and II pathways. These results were corroborated with
quantitative RT-PCR analysis. Cholesterol biosynthesis and lipid metabolism were
especially down-regulated in females. Genes involved in phase I and II metabolism were
up-regulated predominantly in males, which could explain the observed lower HBCD
hepatic disposition in male rats in this 28 day study. These sex specific differences in gene
expression profiles could also underlie sex specific differences in toxicity (e.g. decreased
thyroid hormone or increased serum cholesterol levels). To our knowledge, this is the first
study that describes the changes in rat hepatic gene profiles caused by this commonly
used flame retardant.
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Introduction

Hexabromocyclododecane (HBCD) is a non aromatic, brominated cyclic alkane used as an
additive flame retardant in extruded or expanded polystyrene foam and in textiles to
prevent fire ignition processes. Commercial HBCD contains three diastereomers, α-HBCD
(6%), β-HBCD (8%) and γ-HBCD (80%). The world-wide demand for HBCD was reported
to be over 16,700 metric tonnes per year in 2001 1.
Several investigations indicated a sharp increase in HBCD concentrations in the
environment from 2001 onwards 2, which can possibly be explained by the increased use
of HBCD after the ban in Europe and voluntary withdrawal in North America of several
other brominated flame retardants (BFRs), such as the penta- and octabrominated
diphenyl ether (PBDE) mixtures (PentaBDE, OctaBDE).
As a consequence of the widespread use and the physical and chemical properties (e.g.
low volatility and water solubility) HBCD diastereomers are now ubiquitous contaminants
in our environment, wildlife and humans 3. In the environment, concentrations of HBCD
from several sediment or air samples ranged from <0.1 to 514 ng/g dry weight

4,5

. One of

the sources of environmental contamination is effluents from plants manufacturing,
polystyrene foam and textiles containing HBCD. This was confirmed by observations of
Sellstrom and co-workers

6

. Sample sediments taken upstream from a textile factory

revealed lower HBCD concentrations than samples collected downstream. Moreover,
leakage from plastics, polymers, textiles and their waste (e.g. recycling, incineration) also
represent an important source of environmental contamination

7,8

.

In wildlife, the highest total HBCD levels were measured in harbour porpoises along the
Scottish coast with median concentrations of 5100 ng/g lipid weight (l.w.) 2. HBCD has
also been detected in different species of fish, marine mammals and birds, as falcons,
glaucous gulls or owls with concentrations ranging from ng/g to low μg/g l.w.

9-12

. The

presence and high concentrations of HBCD in some top predators (e.g. marine mammals
and birds of prey) indicate persistence and biomagnification of HBCD in wildlife. In vivo
metabolism of HBCD has indicated a shift from the more common γ-HBCD diastereomer in
the technical mixture to a prevalence of the α-HBCD diastereomer in wildlife and humans
3

. This is supported by in vitro assays, which showed that β- and γ-HBCD can indeed be

biotransformed to α-HBCD by certain cytochrome P450 enzymes

13

.

In the few human exposure studies conducted up to date, low HBCD concentrations
have been reported with median values varying between 0.35 and 1.1 ng/g l.w. in serum
3

. Occupational exposed workers in Norway, showed higher concentrations in serum

ranging from 6 to 856 ng/g l.w.

14

. These studies indicate that inhalation and/or dermal

routes of HBCD exposure might be quantitatively important for human uptake. However,
diet is also considered an important source for HBCD exposure, especially for humans
consuming large quantities of fish that contain relatively high levels of HBCD (e.g. fish
tissue levels varying between 9 and 1110 ng/g l.w.)

15,16

.
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Besides diet, dust is probably another important route of exposure of HBCD to humans,
due to high levels present in indoor dust

17

. This non dietary ingestion of dust and soil may

especially represent an important route of exposure for toddlers and young children

18-20

.

From a toxicological point of view, HBCD exerts effects on different endpoints in both in
vitro and in vivo systems. In vitro, a high affinity of HBCD for the thyroid hormone
receptor was recently described for HeLaTR human cervical carcinoma cells, expressing the
thyroid hormone receptor (THR) and containing a reporter construct in which the luciferase
gene is preceded by a thyroid hormone responsive element
®

CALUX

21

. In stably transfected

cell lines, HBCD showed antagonistic activity with the androgen (AR), estrogen

(ER), progesterone (PR), and aryl hydrocarbon (AhR) receptors at low μM concentrations
22

. Neurotoxic effects of this flame retardant have also been described in rat cerebellar

granule cells

23

. Inhibition of plasma membrane uptake of neurotransmitters (dopamine,

glutamate) at low μM concentrations of HBCD was also reported

24

. Furthermore, HBCD

has been shown to induce genetic alterations in mammalian cells, which is known to cause
a number of adverse health effects (e.g. cell cycle or proliferative changes, particularly in
relation to carcinogenesis)

25

.

In vivo, HBCD revealed a low acute toxicity

26

. However, subacute studies with rats

according to the OECD407 guideline indicate that HBCD is able to interfere with thyroid
homeostasis by decreasing total thyroxin levels and increasing thyroid weight

27

. In these

animals, significant induction of several hepatic cytochrome P450 enzymes was also
observed, probably via the pregnane X receptor (PXR) and constitutive androstane
receptor (CAR) signalling pathways

28

. In the present work, we examined the gene

expression profiles in livers from the male and female rats from the same HBCD study.
Our main objective was to study the mechanisms underlying the adverse effects previously
observed in vivo and possibly reveal potential new biomarkers of exposure.

Materials and Methods
Animal experiment
Male and female rats of the WU (CPB) strain were bred and subacute exposed by oral
gavage to vehicle (corn oil control), and HBCD in a dose range between 0.1 and 200
mg/kg bw daily for 28 days at the RIVM facilities (Bilthoven, The Netherlands) as
described before
guideline

29

27

. The animal experiment was performed according to the OECD407

. Liver tissues were removed and snap-frozen in liquid nitrogen. Subsequently,

these were stored at -80˚C until further processing. The livers of the control and high
dosed groups of which sufficient tissue was available (30 and 100 mg/kg bw) were used to
study the adverse effects of exposure to HBCD compared to a control situation.
RNA isolation
Total RNA was isolated using RNA Instapure according to supplier’s instructions (RNA
Instapure, Eurogentec, Maastricht, The Netherlands). Isolated RNA was resuspended in
100 µl of sterile RNAse-free water. After purification, using the RNeasy Mini Kit (Qiagen,
Venlo,
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were
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spectrophotometrically at wavelengths of 230, 260 and 280 nm. Samples were stored at –
80ºC prior to analysis.
Preparation of labeled cRNA and microarray hybridization
From each treatment group, an equal amount of RNA obtained from 5 individual livers was
pooled and 1 µg of each pool was amplified using a low RNA Input Fluorescent Linear
Amplification Kit (Agilent Technologies, Amstelveen, The Netherlands). The common
reference samples, i.e. a pool of respective control RNA samples (from both female and
male rats), was labeled with Cy3 (PerkinElmer, Wellesley, MA, USA) and the pooled RNA
samples of each treatment group and control group were labeled with Cy5 (PerkinElmer,
Wellesley, MA, USA). Subsequently, the labeled RNA was purified (QIAquick spin columns,
QIAGEN, Venlo, The Netherlands) and 1 μg of each pool was hybridized to 22K rat oligo
microarrays (G4130A, Agilent Technologies, Amstelveen, The Netherlands) according to
manufacturer’s instructions (In situ hybridization kit plus, 5184-3568, Agilent, Amstelveen,
The Netherlands). After a 17h incubation period, slides were washed using various
dilutions of SSPE according to protocol provided by Agilent and fluorescent images were
obtained with a scanner at 543 for Cy3 and 633 for Cy5 (Agilent Technologies,
Amstelveen, The Netherlands) using supplier’s software (Feature Extraction 8, Agilent
Technologies, Amstelveen, The Netherlands).
Analysis of gene expression data
Spot intensities were quantified using Feature Extraction software. Subsequently, quality
control was performed with the freely available statistical software R, using the limmaGUI
interface. Signals were corrected for background and corrected data were normalized and
corrected for random and systematic error in Genemaths XT (Applied Maths, Sint-MartensLatem, Belgium). A principal component analysis (PCA) was performed to visualize
clustering of the treatment groups. In order to identify differentially expressed genes, fold
changes were calculated compared to the control groups. Subsequently, genes that were
up or down regulated more than 1.5, in at least one treatment group, were selected for
further analysis. Affected pathways were identified using MetaCore version 3.2.0 (GeneGo,
Inc., St. Joseph, MI, USA) as described before 30.
Confirmation of gene expression data by quantitative reverse transcriptase polymerase
chain reaction (quantitative RT-PCR)
Quantitative RT-PCR was used to verify selected responses in liver tissue collected within
the same animal experiment. RNA isolated from two randomly chosen animals per
treatment group, was treated with DNAse I (Promega, Leiden, The Netherlands).
Subsequently, cDNA was synthesized using 1 μg of RNA and the iScript cDNA Synthesis Kit
in a final volume of 20 μl, following supplied instructions (Biorad, Veenendaal, The
Netherlands). 80 μl of water was added to the obtained cDNA, which was stored at -20˚C
until further analysis. A PCR mix was made containing 24.5 μl IQ Supermix, 0.4 μM each
of forward and reverse primer and 9.5 μl water per sample. For the PCR, 1 μl cDNA of
each sample was added to 24 μl of PCR mix. For each primer pair, a sample that was not
reverse transcribed was included in the analysis to check for chromosomal DNA
contamination. Primers (Table 6.1) were selected using Beacon Designer 5 (PREMIER
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Biosoft International, Palo Alto, CA, USA) in order to obtain an intron-spanning amplicon of
~200 bp length with a Tm of 60˚C. After primer design, all primers were run through NCBI
Blast (nucleotide non-redundant database) in order to check for specificity.

Table 6.1 Sequences of primers used for the quantitative RT-PCR experiments.
Gene
name
Rat
synonym

RefSeq

sense (5' - 3')

antisense (5' - 3')

Acsl5

NM_053607

ACSL5

AGTCTGTAGGGATTGAGGGAGGAG

TGTAGGGCTGGTTCGGCTTTC

Akr1c6

NM_001033697

AKR1C1/2

GGGAAGCCACCGTGAAACAAG

AACTCTTAGCCAGGACCACAACC

Cyp3a13

NM_147206

CYP3A7

GGAAGGCTTGAGAGGGTCTGTAAG

CCAGTAATGCGGGTCTTTGTGAAG

Cyp3a3

NM_013105

CYP3A4

AAATGCCTCTGTTTGCCATCACG

GCTCTATATCTCTTCCACTCCTCATCC

Cyp51

NM_012941

CYP51A1

TGAATGCGGAAGAGGTCTACGG

CTGCTTGAAGTGGGCTATGTTAAGG

Fads1

NM_053445

FADS1

CACGATGCCACGACACAACTAC

AGGTCTGCTGCTATTGGTGAAGG

Oligo sequence
Human
synonym

Oligo sequence

GSTa2

NM_017013

GSTA2

GCAGCAGGAGTGGAGTTTGATG

GGTGGCGATGTAGTTGAGAATGG

Gstm1

NM_017014

GSTM1

GACGCTCCCGACTATGACAGAAG

GCACGAATCCGCTCCTCCTC

GSTp2

NM_138974

GSTP1

TCAAGGCTCGCTCAAGTCCAC

CCATCATTCACCATATCCACCAAGG

Hmgcr

NM_013134

HMGCR

CAACCTCTACATCCGTCTCCAGTC

CCACAGTCTTTCCTCTCCCTTCG

Hmgcs1

NM_017268

HMGCS1

GTGTTCTCTTACGGTTCTGGCTTG

TGGCTAAGTGATGTGTGTCCTCTC

Id1

NM_053539

ID1

CTTTCCAGGTTGTTTCACCAATAGTTG

CGCTTCTGTGCTGCTCGTTTG

Udpgtr2

NM_173295

UGT2B17

CTACTTTAGACCTGGAGCCTGTGG

GAATGGAAGCCGAAGATACAAGAACC

Yc2

NM_001009920

GSTA3

AGGTTAAGAAGTGATGGGAGTTTGATG

TTGGTGGCAATGTAGTTGAGAATGG

Acidic ribosomal phosphoprotein P0 (ARBP) was selected as reference gene as its
expression levels, based upon microarray data analysis, varied between 0.9 and 1.2 in all
samples. Expression levels of all genes were normalized using the ARBP-expression levels
in individual samples, using a standard curve.
Results

Gene expression analysis
The number of genes that were significantly up- or down-regulated in the liver of rats
exposed to HBCD was increased in a dose-dependent way. Analysis of the data showed
that the number of genes differentially expressed (fold change ≥ 1.5 up- or downregulated) in rats exposed to 30 mg/kg HBCD per day resulted in 148 and 999 regulated
genes for males and females, respectively. The groups that received 100 mg/kg HBCD per
day, showed 422 and 2297 regulated genes for males and females, respectively. An
overlap of differentially expressed genes could be observed; 2185 genes were specific for
the female rats, 310 specific for the male rats and 112 genes were regulated in both
sexes.
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MetaCore analysis of these regulated genes revealed that the pathways affected most
significantly by HBCD were the peroxisome proliferator-activated receptor (PPAR)mediated

regulation

of

lipid

metabolism,

triacylglycerol

metabolism,

cholesterol

biosynthesis, androstenedione, testosterone, estrogen and glutathione metabolism (Table
6.2). MetaCore analyzed our experimental data in the context of networks, maps and
identified affected pathways. Therefore, taking a conservative approach, only the most
significantly affected hepatic pathways at these two HBCD dose levels are presented as the
outcome of the analysis.
Principle component analysis
Principle component analysis applied on the entire dataset revealed strong sex-specific
clustering of the data. A very distinctive separation of female compared to male gene
profiles in both dose groups was observed (Figure 6.1).

Figure 6.1 Principal component analysis (PCA) analyzed the entire dataset samples to visualize
clustering of the treatment groups (30 and 100 mg HBCD/kg/d).

Quantitative RT-PCR
Individual quantitative RT-PCR analyses were performed for some relevant genes from
pathways affected by HBCD (control, 30 and 100 mg/kg) in order to confirm obtained
microarray data. Primer sequences are included in Table 6.1.
A summary of the up- or down-regulation of the relevant hepatic genes as measured
with quantitative RT-PCR in the 100 mg/kg HBCD compared to control group is shown in
Table 6.2.
Gene expression of cholesterol biosynthesis and lipid metabolism and phase I, II
metabolic pathways were significantly modified by HBCD exposure in both sexes.
Cholesterol biosynthesis and lipid metabolism genes were clearly down-regulated in female
rats based on both microarray and PCR results. Further, in male samples most of these
genes were down-regulated, with some exceptions where slight up-regulation was
detected such as for Akr1c6 or Idi1 expressions.
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Table 6.2 Expression ratios of genes involved in pathways affected after exposure of Wistar rats to 30 or 100 mg/kg/d bw compared to control samples and
calculated from data of either DNA microarray or quantitative RT-PCR experiments.

Quantitative RT-PCR Dataa

Microarray Data
Females
Gene symbol (rat)

Protein name (rat)

30
mg/kg/d

100
mg/kg/d

Males
30
mg/kg/d

Females

100
mg/kg/d

30
mg/kg/d

100
mg/kg/d

Males
30
mg/kg/d

100
mg/kg/d

PPAR regulation of lipid metabolism
1

Acaa1

Acetyl-CoA acyltransferase 1

1.02

-1.72

1.13

1.43

2

Acadm

Medium-chain specific acyl-CoA
dehydrogenase, mitochondrial precursor

-1.54

-1.95

-1.1

-1.1

3

Acsl1

Long-chain-fatty-acid--CoA ligase 1

-1.16

-1.5

1.58

1.47

4

Acsl3

Long-chain-fatty-acid--CoA ligase 3

-1.3

-1.81

-1.04

-.105

5

Acsl4

Long-chain-fatty-acid--CoA ligase 4

-1.55

-1.56

-1.02

-1.03

6

Acsl5

Long-chain-fatty-acid--CoA ligase 5

-1.12

-2.16

-1.15

-1.22

-1.2

-2.9

-1.9

-1.3

7

Fads1

Fatty acid desaturase 1

-1.55

-2.51

1.05

1.4

-1.2

-1.56

-1.2

-1.4

8

Ehhadh

Peroxisomal bifunctional enzyme

-1.23

-1.53

1.03

-1.1

Fabp7

Fatty acid-binding protein, brain

-1.25

-1.74

-1.38

-1.52

9

Triacylglycerol metabolism
1

Acsl1

Long-chain-fatty-acid--CoA ligase 1

-1.16

-1.5

1.58

1.47

2

Acsl3

Long-chain-fatty-acid--CoA ligase 3

-1.3

-1.81

-1.04

-.105

3

Acsl4

Long-chain-fatty-acid--CoA ligase 4

-1.55

-1.56

-1.02

-1.03

4

Acsl5

Long-chain-fatty-acid--CoA ligase 5

-1.12

-2.16

-1.15

-1.22

-1.2

-2.9

-1.9

-1.3

5

Fads1

Fatty acid desaturase 1

-1.55

-2.51

1.05

1.4

-1.2

-1.56

-1.2

-1.4

6

Akr1c6

Aldo-keto reductase 1C6

-1.53

-2.15

1.49

1.15

1
2

Cholesterol biosynthesis
3-beta-hydroxysteroidEbp
Delta(8),Delta(7)-isomerase

-1.12

-1.83

1.14

-1.02

1.38

1.07

-1.1

-1.76

-1.2

-1.79

-1.1

-1.33

3.2

1.1

Hmgcs1

Hydroxymethylglutaryl-CoA synthase

-1.58

-1.68

3

Idi1

Isopentenyl-diphosphate Deltaisomerase 1

-2.22

-2.33

1.19

-1.1

4

Sc4mol

C-4 methyl sterol oxidase

-1.82

-2.4

1.24

1.18

Androstenedione and testosterone synthesis and
metabolism
1

Cyp2c

Cytochrome P450 IIC

1.19

-1.51

1.29

-1.1

2

Sts

Steroid sulfatase

-1.18

-1.53

1.38

1.47

3

Sult2a1

Bile salt sulfotransferase 2A

-1.43

-1.94

-1.1

-1.05

4

Akr1c6

Aldo-keto reductase 1C6

-1.53

-2.15

1.49

1.15

1.3

-1.82

2.2

2.39

5

Udpgtr2

UDP-glucuronosyltransferase

-1.1

1.12

1.93

2.16

-1.6

-1.1

3.4

2.77

1.65

Estrone metabolism and estradiol metabolism
1

Cyp2c

Cytochrome P450 IIC

1.19

-1.51

1.29

-1.1

2

Sts

Steroid sulfatase

-1.18

-1.53

1.38

1.47

3

Cyp3a13

Cytochrome P450 3A13

-1.19

-1.13

1.47

1.94

1.43

1.63

2.59

4

Cyp3a3

Cytochrome P450 3A3

1.26

1.36

10.21

11.95

6.5

5.68

2.33

4.74

5

Cyp51a1

Cytochrome P450 51A1

-1.64

-2.09

1.37

1.07

1.3

1.1

1.1

-1.35

6

Sult2a1

Bile salt sulfotransferase 2A

-1.43

-1.94

-1.1

-1.05

-1.3

-1.4

1.14

2.15

1.3

1.1

1.71

1.56

-1.4

-1.4

1.91

2.79

1.1

1.3

1.51

2.3

Glutathion metabolism
1

YC2

2

Gsta2

Glutathione S-transferase Yc2
Glutathione S.transferase, alpha
type2

(n.e.= no effect).
a
Ratios are averages and based on PCR data of two randomly chosen animals per treatment group
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The microarray experiments indicated that HBCD also up-regulated some genes
encoding phase I hepatic enzymes, especially those of the Cyp3A family, which were 12fold up-regulated in the males in the highest dose group, but not in the females. However,
validation of gene expression profiles by q-PCR experiments showed a significant induction
of Cyp3A3 mRNAs in both males and females with a higher up-regulation of Cyp3A3 in the
females. This inconsistency between the microarray and q-PCR data might possibly be the
result of the higher sensitivity of the quantitative RT-PCR technique due to its higher
sequence specificity, reproducible quantification and precision. Several important genes in
the glutathione-S-transferase family were also up-regulated in the males, which again
could be confirmed by PCR (Table 6.2).

Discussion

In the present study, hepatic mRNA expression profiles of control and subacute HBCD
orally exposed rats (30 and 100 mg/kg bw) were analyzed. This dosage regime resulted in
an increased number of up- or down-regulated hepatic genes in both HBCD dose groups.
Furthermore, the expression of a significantly higher number of genes was affected in
females compared to males in both dose groups (e.g. 422 and 2297 regulated genes for
males and females respectively, in rats exposed to 100 mg/kg bw). Principle component
analysis confirmed this strong gender-specific effect of HBCD on gene expression (Figure
6.1).
Changes in cholesterol biosynthesis genes and possible relation with hypothyroidism
Van der Ven and co-workers described reduced thyroxin (TT4) serum levels with an
increased thyroid gland and pituitary weight in these female rats that suggests
hypothyroidism 27. The link between thyroid hormone diseases and lipid disorders has been
well established for decades

31,32

. In addition, the reduction of the biosynthesis of

cholesterol and plasma triglycerides (TG) can be caused by decreased TT4. TT4 can
stimulate de novo hepatic cholesterol synthesis by inducing hydroxymethyl-glutaryl-CoAreductase (HMG-CoA-reductase). This enzyme catalyses the conversion of HMG-CoA to
mevalonate, a precursor of cholesterol. Reduced thyroxin levels caused by hypothyroidism
can therefore lead to a decreased cholesterol synthesis

33

. Thus, the cholesterol

biosynthesis genes that were down-regulated especially in female rats in our study could
be caused by the low in vivo thyroxin hormone levels (possible hypothyroidism) found in
the same animals (Table 6.3). However, HBCD-dose dependent elevated serum cholesterol
levels in these exposed rats were described

27

. This could be understood as an apparent

inconsistency of the present hepatic gene expression profiles with the previous in vivo
results. However, it is known from literature that hypothyroidism is characterized by
hypercholesterolaemia

32,34

. In this situation serum cholesterol levels are increased

because thyroid hormone simultaneously affects the synthesis and degradation of lowdensity lipoproteins (LDL)

34

. As a result, hypothyroidism can cause a concomitant

decrease in LDL catabolism, followed by an increase of total and low density lipoproteins in
serum leading to higher total serum cholesterol levels

106

32,34

. Thus, the female rat

Chapter 6

hypothyroidism observed in the 28d HBCD study could explain both effects; an increase of
serum cholesterol levels due to a lower catabolism of low-density lipoproteins and downregulation of de novo cholesterol synthesis by inhibiting the HMG-CoA enzyme.
Nonetheless, other explanations could provide answer to the paradoxal decrease in
cholesterol synthesis observed from the gene profiles and the increased serum levels of
cholesterol. Another study showed that hepatic cholesterol synthesis in rats was also
regulated by serum levels of cholesterol itself

35

. In this case, a negative feed-back

mechanism could explain the down-regulated cholesterol synthesis because of high serum
cholesterol levels.

Female HBCD 28d exposed rat
HMG-CoA

Pituitary gland weight

TSH

feedback
loop

Mevalonate

VDLD

LDL

Cholesterol

Thyroid gland weight
HDL

T3

Plasma triglyceride
(TG)

T4
reduced plasma
TT4

fatty acid and cholesterol
biosynthesis

(decreased low-density
lipoprotein catabolism
can lead to high serum
cholesterol levels)

Figure 6.2 Proposed hypothesis of mechanism of action of HBCD in relation to lipid synthesis disorders
and hypothyroidism in subacute exposed female rats based on the changes observed in hepatic gene
expression.

Based on our gene expression study and in vivo results obtained from the same rats

27

,

a proposed mechanism of action of HBCD in relation to thyroid hormone and cholesterol
homeostasis is presented in Figure 6.2.
Changes in gene expression of hepatic enzymes involved in metabolism of estrogens.
HBCD exposure also resulted in differential expression of several genes coding for hepatic
phase I enzymes, which are involved in the metabolism and elimination of estrogens.
Several of these genes, such as Cyp3A3 that play a key role in hepatic estrogen
metabolism were up-regulated in the

microarray

data mainly

in

male samples.

Subsequently, RT- PCR experiments were performed in order to validate the gene
expression and results showed significant up-regulation of Cyp3A3 in both genders, where
females appeared more affected than males. This sex dependent difference has been
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reported earlier by Germer and co-workers, where Cyp3A3 mRNA was significantly
increased, being more pronounced in female samples after exposure to HBCD

28

.

Nevertheless, the lack of concurrence between the observed up-regulation of Cyp3A3 from
the microarray data with the q-PCR results can not be explained at this moment, although
the differences in sensitivity, precision and sequence specificity between both techniques
could play a significant role here.
However, the observed P450 induction could imply that long term exposure to HBCD
might lead to a potential anti-estrogenic effect due increased metabolism of estrogens
(Table 6.3).
Elimination of HBCD in males
Important genes in the conjugation process, such as the one encoding glutathione-Stransferase, were found to be down-regulated in females and up-regulated in males (see
Table 6.2). Other results from the same in vivo subacute experiment showed that hepatic
HBCD concentrations were higher in females than in males for all dose groups

27

. Our

observed gender-specific differences in the expression of some phase II biotransformation
genes (e.g. glutathione S-transferase) combined with the observed higher hepatic
concentrations in the female rat suggest a more efficient elimination process of HBCD in
males. Such a difference has already been suggested earlier, indicating that male rats are
metabolizing HBCD more rapidly than females
higher hepatic levels of HBCD in female rats

37

36

. Another semi-chronic study also reported

(Table 6.3), which confirms again the slower

elimination of this compound in females. The results of our study clearly provide further
evidence for sex specific differences in the elimination of HBCD. It should be noted that
this difference in metabolism might underlie the differences in toxicity between both sexes,
e.g. lower thyroid hormone (TT4) or increased serum cholesterol levels (see above).

Table 6.3 Pathways found to be affected in livers from female and/or male rats exposed to HBCD and
their relation to previous literature reports.
Pathways affected by HBCD in this study

Findings from other studies

PPAR regulation of lipid metabolism
−

Female decreased

Triacylglycerol metabolism
−

Female decreased

Cholesterol biosynthesis
−

Female/Male increased

Glutathion metabolism/Conjugation
−

108

cholesterol biosynthesis

33

Female decreased

Estrogen metabolism
−

Hypothyroidism
linked to decreased fatty acid metabolism and

Male increased

Induction of Cyp3A3 mRNA in rat liver samples from
HBCD exposed rats

28

Higher HBCD concentration in females possibly due to
a faster elimination in males

27,36,37
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Conclusions
In conclusion, 30 and 100 mg HBCD/kg/bw caused significant effects on hepatic gene
expression in rats after 28 days oral exposure. Results show clear gender specificity with
females having a higher number of up- or down-regulated genes. These sex- specific
differences could render female rats more sensitive to HBCD. Our hepatic gene expression
profiling experiments with HBCD show that genomics data are in fairly good agreement
with previous in vivo data of the same animals. The hypothyroidism reported from
previous in vivo experiments with HBCD can very well be correlated with the gene
expression changes of the cholesterol biosynthesis (especially in females) in our study.
The lower levels of HBCD in livers from male rats can be explained by the sex-specific
changes in gene expression of phase II detoxifying enzymes, suggesting a better
mechanism of elimination in males. To our knowledge this is the first study where hepatic
gene expression profiles from rats that were subacute exposed to HBCD could be linked to
some in vivo results.
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General Discussion

1 Introduction

BFRs have extensively been used in industrial applications due to their benefit in reducing
ignition processes. These chemicals were introduced on the market as replacement of
polychlorinated biphenyls (PCBs). PCBs were commercially produced since the 1920s for a
variety of purposes such as insulation and flame retardants, but have been banned in
many countries since the 1970s due to their persistence, bioaccumulation and toxicity

1,2

.

Originally, BFRs were expected to be less persistent in the environment, although by
now many studies have shown that these are ubiquitous environmental contaminants with
increasing levels in abiotic as well as biotic samples over the past years. A number of
these brominated compounds bioaccumulate and biomagnify in the food chain and can be
found in human milk and blood at µg/g lipid weight concentrations that approach the
levels of PCBs before its ban

3-5

.

With respect to toxicity, BFRs have been classified as endocrine disruptors (EDs),
because in vitro and in vivo studies pointed towards effects on thyroid hormone
homeostasis,
development

reproduction,
6-12

sex

steroid

hormone

production

and

neurobehavioral

. At the beginning of this PhD study, the interactions between BFRs and

sex steroidogenesis had not been studied. However, it was known that a number of other
persistent organic pollutants (POPs) and ED compounds were described earlier to affect
sex steroid production and metabolism. Some of these compounds include pesticides such
as epoxyconazole and prochloraz, which are catalytic inhibitors of aromatase (CYP19),
while in contrast herbicides as atrazine were found to be inducers of this enzyme activity
13,14

.

The research described in this thesis was part of a large international EU project called
FIRE (www.rivm.nl/fire). This thesis focused on the in vitro effects of a broad group of
BFRs, including some of their metabolites, on the production of sex steroid hormones
(steroidogenesis) with emphasis on two key enzymes CYP17 and CYP19 (Chapter 2, 3 and
4). In addition, a range of PBDE metabolites was used to assess interactions with the
androgen receptor (AR) in two genetically modified cell lines (Chapter 5). In Chapter 6,
changes in the liver mRNA expression profiles of rats orally exposed to HBCD were
analyzed and novel information about the mechanism of action of this BFR was
determined (Chapter 6).

2 In vitro effects on steroidogenesis

Enzymes that play a role in estrogen synthesis have become increasingly important study
targets for the action of endocrine disrupting compounds. The steroid hormone synthesis
is controlled by the activity of several cytochrome P450 enzymes, reductases and
dehydrogenases. Two of the key enzymes, cytochrome P450 (CYP17) and (CYP19 or
aromatase), are often studied since these enzymes are responsible for production of
androgens and estrogens, respectively
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15,16

. Activation or inactivation of these enzyme
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activities has been associated with a wide range of effects, including disruption of egg or
sperm maturation or a higher risk for hormone-dependent tumors.
In the present PhD study, experiments with the human adrenocortical carcinoma
H295R cell line were performed to study the possible interaction of these BFRs and their
metabolites on the production of sex steroid hormones. Both key enzyme activities, CYP17
and CYP19 (aromatase), were studied.
CYP17 activity was measured using a novel bio-analytical method, which was
developed in our laboratory using the human H295R cell line. Shortly, this method for
CYP17 measurement consists of three steps: 1) pregnenolone, a substrate for CYP17, is
added to the treated and non-BFR treated cells, 2) trilostane, an inhibitor of 3β-HSD is
added to exclude the metabolism of pregnenolone into mineral- and glucocorticoids and 3)
the production of DHEA (a CYP17 key product) is measured with a radioimmuno-assay. In
parallel, aromatase activity was measured using the well known 3H-water release assay

17

in both the control and BFRs exposed human H295R cells.

2.1 Brominated flame retardants (BFRs)

None of the BFR congeners tested altered DHEA production, apart from BDE-183, which
caused a slight inhibition of in vitro CYP17 activity with no observable cytotoxic effects
(Chapter 3). It should be noted that no results for BDE-209 (decabromodiphenyl ether) on
steroidogenesis could be obtained, because this BFR has an extremely low solubility that
makes it difficult to use in in vitro systems.
As presented in Chapter 2, PBDE congeners in general or TBBPA did not have any
effects on CYP19 activity. Only BDE-28 and BDE-38 showed a minor induction of
aromatase, which exceeded no more than two times the control activity. However, an
increased aromatase activity was shown for 2,4,6-tribromophenol (TBP) with a maximum
of four-fold induction at the highest concentration tested. To study whether the hydroxy
group with or without adjacent bromine atoms is important for the activation of
aromatase, two structurally related compounds (2,4,6-tribromoanisole (TBA) and 4bromophenol (4-BP)) were tested in the H295R cell line. Neither of these compounds
showed an effect on aromatase activity. It was therefore concluded that the combination
of the hydroxy group with bromine atoms in adjacent positions plays an important role in
the production of estrogens by enhancing CYP19 activity.
TBP is commonly found in the environment, but in contrast to the other BFRs that we
studied, it is also a natural compound in the marine compartment

18

. In addition to the

observed aromatase induction, other potential endocrine disrupting effects like binding to
the estrogen receptor and thyroid hormone binding transport protein (transthyretin) have
also been reported

19

. The in vivo toxicity of TBP was also investigated within the EU-FIRE

project. Studies on effects of TBP on the European flounder (Platichthys flesus) were
performed with environmentally relevant concentrations. A good linear relationship was
determined between internal liver TBP concentrations and increasing dosage. Gonads of
these animals were used to measure aromatase activity and a positive relationship

115

General Discussion

between TBP exposure and aromatase activity was found. At the highest dosage a
maximum of almost 5-fold induction of aromatase activity was detected

20

. Thus, this

compound clearly shows effects on steroidogenesis both in vitro as well as in vivo, which
classifies it as a potential in vivo endocrine disruptor that needs to be investigated further.
The similarity between the aromatase results of our in vitro study with the H295R cell line
and the in vivo Flounder study indicates that the H295R cell line can be used to
qualitatively predict in vivo effects. With respect to the exact mechanism of induction of
aromatase by TBP, further studies are required. Aromatase is regulated in a species- and
tissue-specific manner by use of several promoters. In human tissues such as the ovaries,
aromatase is regulated by the promoter regions p.II and I.3 under control by the
phosphorylation pathway of protein kinase A (PKA)

21,22

. In our laboratory, Heneweer and

co-workers reported the induction of amplification responses of aromatase promoters p.II
and p.I.3 in H295R cells after exposure to various inducers

23

. Based on these results and

those obtained from our own experiments with this cell line, it is most likely that TBP
induction of aromatase is mediated via promoter p.II or p.I.3.

2.2 Polybrominated diphenylether (PBDE) metabolites

In contrast with minor effects of some PBDEs on sex steroidogenesis, the metabolites,
especially hydroxylated PBDEs, exhibited significant in vitro effects on steroidogenesis.
Using again the human H295R cell line, six different hydroxylated and methoxylated
PBDEs were studied for their possible interaction with CYP17 and CYP19 activities (Chapter
2 and 3).
A number of PBDE metabolites caused a significant inhibitory effect on CYP17 activity,
at low μM concentrations. In addition, these compounds also caused a significant reduction
of aromatase activity in the human H295R cell line at the same concentrations.
In conjunction with the inhibitory effects on CYP17 and CYP19, cytotoxicity
experiments demonstrated a significant reduction of cellular survival rate for some of the
PBDE metabolites at the higher μM levels. Quantitative differences in cytotoxicity were
found for different congeners. This depended on the position of the hydroxy group in
relation to adjacent bromine atoms and replacement of this hydroxy group by a methoxy
group. Thus, the combined results from these experiments indicate that inhibition of
CYP17 and CYP19 by these PBDEs derivatives was partly due to cytotoxicity (Chapter 2
and 3).
In order to further elucidate whether the described effects are not only due to
cytoxicity, additional experiments using human placental microsomes were performed with
a wide range of PBDE metabolites (twenty two congeners) (Chapter 4). Microsomes are
not influenced by possible cytotoxic effects that could have hampered studies with H295R
cells, while additionally less time is needed for the experimental procedure. Further, we
also included more specific aromatase enzyme kinetics in the studies with placental
microsomes.
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All hydroxylated PBDE that were tested in the human placenta microsomal system
exhibited a concentration-dependent inhibition of aromatase activity, while methoxylated
analogues did not show this. These OH-PBDEs showed IC50 values in the low µM range and
the fact that the values for various OH-PBDEs are within a close range, suggests a similar
mechanism of action and inhibitory potencies of the OH-PBDEs tested. Using Michaelis
Menten kinetics in these human placenta microsomes showed that these OH-PBDEs are
mixed type inhibitors of aromatase. To put this aromatase inhibition by OH-PBDEs in
perspective, the results of these experiments were compared with fadrozole, a
pharmaceutical aromatase inhibitor, used

for adjuvant therapy against estrogen-

dependent tumors. Fadrozole has been reported earlier to also have a mixed type
aromatase inhibition in human placental microsomes. In this case, the IC50 value was 5
nM

24

, which is more than three orders of magnitude lower than the OH-PBDEs tested in

our study.

3 In vitro effects of PBDEs and their metabolites on the androgen receptor (AR)

Clearly, EDs can potentially influence endocrine homeostasis by activating or inactivating
enzymatic activities that are important for steroidogenesis or metabolism of steroid
hormones. However, equally important is the fact that EDs can also mimic hormones by
binding to specific hormone receptors like the estrogen receptor (ER) or the androgen
receptor (AR) as partial or full agonist or antagonists.
In general, a higher number of studies with environmental contaminants has focused
on estrogenic activity and binding to the ER, when compared to other hormone receptors
such as the AR. However, several pesticides and fungicides like fenitrothion, vinclozolin,
procymidone or DDT and its metabolite DDE have already been described as androgen
receptor antagonists

25-29

. Nevertheless, results for interactions between xenobiotics with

the AR are not unequivocal and there is a clear need for more in depth studies to elucidate
possible structure activity relationships.
Within the framework of the EU-FIRE project, a variety of BFRs was tested for effects
on the estrogen, androgen, progesterone and arylhydrocarbon receptor (ER, AR, PR, AhR)
using various recombinant cell lines. Some of these findings included anti-estrogenic and
anti-androgenic effects.

30

.

In Chapter 5 of this thesis, we provide more extensive evidence that various BFRs and
their metabolites are anti-androgenic via the androgen receptor. To obtain these results
two different in vitro reporter gene assays have been used: recombinant AR yeast cells
(RAA) and the human breast carcinoma T47D-ARE cell line (T47D-ARE). Initially,
experiments with the RAA were done. None of the BFRs or metabolites tested showed any
agonistic effects on the AR yeast cells. However, upon co-exposure with testosterone,
PBDEs, its metabolites, HBCD or TBP showed significant antagonistic effects in the AR
yeast cells. The most potent antagonists BDE-19, 28, 39, 47, 49, TBP, or hydroxylated
metabolites, were found to have IC50 values in the nM to lower µM range. However, it
should be taken into consideration that these experiments were done with yeast cells,

117

General Discussion

which have different cellular properties than mammalian cell. Therefore, it was decided to
repeat some of these experiments with the AR recombinant human breast carcinoma
T47D-ARE cell line. In the latter in vitro system it was shown that the anti-androgenic
effects of the OH-PBDEs were less potent in the T47D-ARE cell line compared to those
observed in the recombinant AR yeast cells. One of the reasons for this difference is
probably the higher complexity of the human T47D-ARE cells compared to the yeast cells.
The lower reactivity of the OH-PBDEs in combination with possible phase II metabolism in
the human T47D-ARE cells could consequently reduce the free concentration for binding to
the AR and partly explain the differences between both in vitro systems. Nevertheless, the
observed differences in antagonistic effects for certain BFRs are not due to differences in
sensitivity between both in vitro systems, since both T47D-ARE and AR yeast cells showed
comparable responses for testosterone. To put this antagonistic effect on the AR in
perspective, additional experiments were performed with flutamide as a positive control for
AR antagonism, which is a pharmaceutical compound used to treat prostate cancer.
Flutamide was shown to have an IC50 value of around 1 µM in our RAA experiments as well
as in human AR recombinant CALUX cells

30

. Noticeable, similar potencies were found for

some of the BFRs and OH-PBDEs in the RAA. The results of our in vitro studies are in good
agreement with those reported earlier for competitive binding of PBDEs, like BDE-100, on
the human AR
mixture

31

. In addition, the results from an in vivo study with a commercial PBDE

revealed

impairments in rats

an
31,32

anti-androgenic

activity

causing

reproductive

developmental

. These latter in vivo results could not only be explained by the

parent congeners present in the commercial PBDE mixture. Based on our in vitro results
they might also partly be due to the hydroxylated PBDE metabolites formed in the
animals. These combined results indicate that there is a reasonable good predictive value
of both AR in vitro assays that we described in Chapter 5 for the in vivo situation and that
OH-PBDEs might be anti-androgenic.

4 Sub-acute effects of HBCD on rat hepatic gene profiles

In Chapter 6 the changes in hepatic mRNA expression profiles observed in rats, that were
orally and sub-acutely exposed to HBCD are described

33

. HBCD induced clear sex-specific

changes in hepatic gene expression, with females being more sensitive to changes than
males. The hepatic pathways that were mostly affected by HBCD were cholesterol
biosynthesis, phase I and II metabolism. These results were corroborated with individual
qRT-PCR analysis. Genes involved in cholesterol biosynthesis and lipid metabolism were
down-regulated predominantly in females, while phase I and II metabolic pathways were
mainly up-regulated in males.
Macroscopic examination showed that these female rats had concomitant elevated
serum cholesterol levels, disturbances on the thyroid hormone homeostasis and higher
weight of thyroid gland, which suggests hypothyroidism. Moreover, female rats showed
higher internal liver HBCD concentrations compared to male rats

33

.

Based on our observed changes in hepatic gene expression, it is suggested that the
cholesterol biosynthesis genes that were down-regulated in female rats were caused by
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the low thyroid hormone levels (possible hypothyroidism) found in the in vivo study
(Chapter 6). It is known from literature that thyroid hormone diseases and lipid disorders
are closely related

34

. At first sight, the down-regulated biosynthesis of cholesterol seems

to be in disagreement with the observed elevated serum cholesterol levels. However,
hypothyroidism is characterized by hypercholesterolemia, a decrease in low density
lipoproteins (LDL) catabolism, followed by an increase of total and low density lipoproteins
in serum, which can lead to higher total serum cholesterol levels

35,36

. Based on these

alterations in hepatic gene profiles and the macroscopic findings from the in vivo study a
possible mechanism of action for HBCD is proposed in Chapter 6. In both sexes it was
observed that HBCD induced hepatic expression of certain cytochrome P450 enzymes, like
CYP3A3, that are involved in metabolism of xenobiotics. Germer and co-workers already
reported earlier a significant induction of Cyp3A3 mRNA in livers of the same female rats
37

. These results are in agreement with the up-regulation that we found in our microarray

and qRT-PCR study (Chapter 6).
The fact that some genes of phase II metabolism (such as glutathione-S-transferase)
were only up-regulated in male rats after exposure to HBCD might be responsible for a
faster elimination of this BFR by the male rat. Other studies have also reported better
elimination of this compound in exposed male rats than in females

38,39

.

In spite of the fact that only limited information is available about the endocrine
disrupting properties of HBCD, it should be recognized that this compound should be
classified as an endocrine disruptor if sufficiently high tissue levels are attained. Individual
HBCD diastereomers (α, β and γ) were found to have in vitro anti-estrogenic effects in
human placenta microsomes through inhibition of aromatase activity

40

(data not included

in the thesis). In addition, in vitro antagonistic interactions with the ERα have been also
described

41

. Furthermore, it should be considered that the up-regulation of hepatic CYP3A

enzymes by HBCD observed in rats (see Chapter 6) could cause a potential anti-estrogenic
effect by an increase in hepatic elimination of estrogens. Based on this information, three
potential anti-estrogenic pathways can therefore be proposed for HBCD after prolonged
exposure to sufficient dose levels, (i) aromatase inhibition, (ii) antagonistic ER-binding and
(iii) increased estrogen elimination by Cyp3A induction.

5 Relevance of the observed in vitro results for humans and wildlife

In our study the in vitro effects of various BFRs and PBDE metabolites focussed on
interactions with the production of sex steroid hormones or sex steroid receptors (Chapter
2, 3 and 4). In particular the inhibitory effects of CYP17 and CYP19 activities by
hydroxylated PBDEs are of interest (Chapter 2 and 3).
From a toxicological point of view, the inhibition of CYP17 activity would result in a
decrease of the synthesis of weak androgens (e.g. DHEA) and consequently affect the
production of androgens such as testosterone. Further, concomitant inhibition of CYP19
activity would lead to low estradiol and estrone production in steroidogenic tissues, such
as testes and ovaries.
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Obviously, these sex steroids play important roles in reproduction, development and
growth; these include body changes known as primary sex characteristics (e.g.
development of the reproductive system) and secondary sex characteristics (e.g. pubic
hair). Furthermore, androgens and estrogens play a crucial role in tumor growth and
promotion, such as in breast and prostate tumors

42-44

. In fact, the reduction of estrogen

levels by CYP19 inhibitors such as fadrozole is commonly used as adjuvant therapy in
breast cancer treatment

45

.

The in vitro inhibitory effects on steroidogenesis and antagonism on the AR by some
BFRs and more especially OH-PBDEs, as described in this thesis, could easily lead to
disruption of the above processes regulated by estrogens and androgens when present at
sufficiently high levels. In order to evaluate the relevance of these in vitro effects for the
in vivo situation, at least two parameters should be taken into account: i) actual exposure
levels in the in vivo situation ii) the inhibitory potency of the compound involved. If this
information is known, it can be compared with known sex steroid hormone inhibitors that
have a pharmaceutical application like letrozole or fadrozole.
With respect to systemic exposure levels of BFRs and PBDE metabolites as presented
in the introduction of this thesis, human serum concentrations have found to be in the
ng/g to low µg/g lipid weight range

46,47

. When recalculating these numbers to molar

1

units these concentrations are in the nanomolar (nM) range. In the case of hydroxylated
PBDEs, these have been detected in human serum at a maximum of 69 ng/g lipid weight
in a highly exposed children population in Nicaragua

48,49

, which would be equivalent to

low nM concentrations. These serum concentrations are approximately a factor 1000 lower
than the in vitro medium concentrations of the IC50 values determined for CYP17 or CYP19
inhibition by BFRs and hydroxylated PBDE metabolites in our studies. If we extend the
above approach by comparing individual potencies for OH- or MeO-PBDE metabolites with
pharmaceutical aromatase inhibitors, the margin of safety even appears to become
greater.
Recently, Trösken and co-workers studied aromatase inhibition in human placenta
microsomes. Fadrozole and letrozole were reported to have IC50 values of respectively 5
and 11.5 nM

24

. If we compare these with the results presented in Chapter 4 of this thesis,

it must be concluded that the inhibition potency of some OH- or MeO-PBDEs is between
two and three orders of magnitude lower (IC50’s in the µM range).
For antagonistic effects on the androgen receptor a similar approach and calculation
would yield to a factor 100 lower serum concentrations than the IC50 values observed for
the most potent anti-androgenic PBDE metabolites in the recombinant AR yeast cells
(RAA). Nevertheless, the in vitro anti-androgenic potencies of BFRs and their metabolites
derived from the RAA experiments are similar or higher compared to the well known
pharmaceutical flutamide, which is used for prostate cancer treatment. However, here it is
important to take into account the reported low potency of flutamide compared to other
pharmaceuticals for the treatment of prostate cancer

1

50,51

.

Parameters used: plasma weight = 1.02 kg/L, plasma fat = 2%, total blood volume = 5.1 L or which
2.8 L is plasma).
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In our studies we have been performing in vitro experiments and in our risk estimate
we assume that our experimental medium concentrations can be used as a surrogate for
blood or plasma levels. Here, one can argue that experimental medium concentrations
might overestimate the free bioavailable levels in e.g. blood, as in the latter matrix a
higher

fraction

of

hydrophobic

compounds

like

BFRs

or

their

monohydroxylated

metabolites would be bound to blood proteins. Therefore, it should be kept in mind that
with this approach an overestimation of the expected effect might occur due to a higher
free unbound in vitro medium concentration compared to the in vivo situation. However,
based on our comparisons and assumptions, the margin of exposure still appears to be
sufficient for BFRs. As a consequence, an antagonistic effect on either steroidogenesis or
the AR in humans seems not very likely and margins of exposure or safety still appear to
be at least two to three orders of magnitude for the highest exposed human populations.
Yet, to make a better risk assessment it is essential to have a better estimation of body
burdens of BFRs including its metabolites.
The significance of pathways of exposure other than food, such as indoor air and
indoor dust, are increasingly considered to be more important due to the substantial levels
of BFRs measured in these matrices

52,53

. First indications of this have recently been

reported for children living and working at a waste disposal site in Nicaragua. These data
clearly indicate that dust is a very relevant source of exposure to PBDEs

48

.

Furthermore, transfer from mother to her child though placenta or breast feeding
might be another reason for concern, especially because PBDEs have been measured in
tissues of newborn

54,55

.

After the withdrawal of Penta and OctaBDE mixtures from the European and North
American market, the continued use of commercial DecaBDE formulations receives now
great attention from the scientific community. The possible debromination of DecaBDE into
lower brominated congeners and possibly even more biological active hydroxylated PBDEs
deserves more interest from a risk assessment point of view. In addition, there are large
differences in exposure situations between different continents and human concentrations
in North America are generally between 10 to 100 times higher than those found in
Europe in non-occupational settings

56-58

. The reason for these remarkable higher values in

North America are thought not to be uniquely related to dietary intake

59

, but rather

through other routes of exposure since the quantitative BFR use is much higher for fire
resistance products (e.g. TVs, computers), in order to meet the higher safety standards in
the USA.

6 Relevance of the in vivo effects of HBCD

At present, it is still too early to assess the possible risk of HBCD as a flame retardant
for humans due to the limited information on actual tissue and blood levels. This BFR has
a very low acute toxicity with oral, dermal and inhalation LD50 values in rodents higher
than 8000 mg/kg bw/day

60

.
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Human blood concentrations in non-occupational exposed populations are scarce, but
appear to be in the low ng/g lipid weight, while occupational exposure can result in levels
as high as 900 ng/g lipid weight

61

. Exposure calculations by the European regulatory

authorities have pointed out that there is clear need to establish occupational exposure
limit values for HBCD. Based on the HBCD repeated dose toxicity 28d study in rats and the
derived NOAEL of 22.9 mg/kg/d

33

, a minimal margin of safety (MoS) of 20 has been

determined for the occupational exposure scenario. Several assessment factors were
applied for this MoS calculation, a factor 5 and 4 for intraspecies and interspecies
differences respectively and factor 1 for differences between the experimental sub-acute
28d and human chronic exposure. However, the contributions to HBCD exposure via
consumer articles or the environment are much lower and considered to be safe

60

.

Non-occupational exposure to HBCD appears to occur primarily through the diet, but in
occupational settings dermal and respiratory uptake most likely play an important role
also. As with DecaBDE, different exposure scenarios are needed to be evaluated for
infants, as non-dietary exposure by ingestion of dust and soil should gain more attention
along with maternal transfer via placenta and breast feeding

122

62

.
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7 Conclusions

•

Hydroxylated derivatives of brominated benzenes and diphenyl ethers can
cause alterations of in vitro steroidogenesis.

•

The human adrenocarcinoma H295R cell line is a suitable in vitro system for
the detection of effects on steroidogenesis, especially CYP19 (aromatase)
and CYP17, by xenobiotics.

•

Human placental microsomes are a suitable, fast and cheap in vitro system
for the detection of aromatase inhibitors.

•

A novel biochemical assays for CYP17 enzyme activity, responsible for weak
androgen production, was developed.

•

Based on the present levels of PBDEs and OH-PBDEs and their relatively low
aromatase inhibiting potencies an effect in humans is unlikely for both
background as well as occupational exposure situations.

•

Several BFRs and OH-PBDEs exhibited anti-androgenic activity in AR
recombinant yeast (RAA) cells and recombinant human breast cancer cells
(T47-ARE) with a similar potency as flutamide.

•

Changes in hepatic gene expression profiles from HBCD exposed rats might
explain some of the effects on thyroid hormone status and sex dependent
sensitivities observed in vivo.
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8 Future Perspectives

During the last decades, laboratories and research organizations have been working and
supplying a wealth of new data and information covering both exposure and toxicity of
BFRs. One of the most essential aspects of future research should be regular analyses of
abiotic as well as biotic samples to monitor temporal trends of BFRs and related
compounds, such as metabolites. It can be predicted that after the ban of Penta and
OctaBDE formulations worldwide, concentrations of these PBDEs will decrease in time. The
first indications for such a decline have been already observed in human milk from
Stockholm, Sweden. In this case a significant decreasing trend for the lower brominated
PBDEs (BDE-47, 99, 100) was found from 1995 onwards. See Figure 7.1

62

. In contrast,

the concentrations of some higher brominated PBDEs (e.g. BDE-153) showed a significant
increase within the same time period.

Figure 7.1 Swedish human milk BDE-47 and BDE-153 (above) and HBCD (below) concentrations from
1980 to 2004, (figure adapted from

62

).

The reason for this increase has been the topic of extensive debate within the scientific
community. It has been suggested that debromination of DecaBDE is the reason for this
observed increase, but firm inconclusive scientific proof has so far not been provided

63-65

.

In fact, some degradation studies of DecaBDE have indicated that under atmospheric
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realistic conditions, the breakdown to environmental common lower brominated PBDEs is
not a major pathway

65-67

.

With respect to BDE-209 it should be noted that in general only very low
concentrations can be detected in human milk. This can by and large be explained by the
relative short half-life, low bioavailability and poor transfer from the mother to the breast
milk of DecaBDE compared with the lower PBDEs, like BDE-47, 99 and 100

62,68,69

. In

addition, the chemical analysis of DecaBDE has only been developed recently to a
sensitivity that allows detection at picogram (10-12)gram level. This improvement of
analytical techniques allows the use of small amounts of plasma or serum and makes it
possible to study and monitor human exposure of higher brominated BDEs such as
DecaBDE more easily.
The high market demand

of DecaBDE as flame retardant and

the possible

environmental degradation into lower brominated PBDEs or more polar breakdown
products has put DecaBDE under consideration for restrictive regulations and legislations
with the possibility to be phased out in 2010

70

. Results of toxicological and exposure

assessment studies in the near future need to provide the scientific information that is
necessary to support such a possible ban of the controversial DecaBDE. However, in the
case of DecaBDE it can not be expected that epidemiological studies will provide sufficient
information to support a decision for such a ban either way. The major problem in this
case is that no specific biomarker has been identified so far, which can discriminate
between DecaBDE, other PBDEs or even non dioxin-like PCBs for which concurrent human
exposure with DecaBDE exists.
Another potential emerging problem is the fact that HBCD is expected, at least partly,
to be used more as replacement of the banned PBDE mixtures. Due to the increased
market demand, the concentrations of HBCD in environment as well as in wildlife and
humans have already increased during the past years. This was observed for example in
human milk in Sweden over the last decade (See Figure 7.1)

62

. These results show that

HBCD can easily be transferred from the mother to the infant via breast milk due to its
persistent and bioaccumulative properties. As a result, it should be noted for example that
in recent years HBCD levels in human milk are now approaching those of BDE-47.
Presently, it is unclear if these HBCD levels in humans are a result of dietary exposure
only, or also partly originate from direct exposure to household dust and consumer
products.
As a result of the scientific results discussed above it should be realized that more and
more manufacturers have already voluntarily switched to inherently fire-resistant
materials, or are using other flame retardant as the ones studied in this thesis. In
addition, the bromine industry is also focusing on the development and production of
alternatives BFRs, which are hopefully safer, more environmental friendly and at least
equally effective as the PBDEs or non halogenated alternatives.
However, it is important to realize that for some of the alternative FRs the toxicological
data is limited or presently less well known than those of e.g. PBDEs , TBBPA or HBCD.
Therefore, it might well be possible that new or alternative FRs could also have implicitly
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risks for environment, wildlife and humans, but there is just a lack of supporting scientific
information to establish a risk. For example, the Danish Environmental protection agency
has recently published a report on the screening for environmental and human health data
of some of the alternatives to BFRs

71

. The available data does include physical-chemical,

health and environmental properties, but the quantitative scientific information is very
variable between suggested alternatives; the lack of data on environmental and health
properties is especially noticeable. In the future, the first line of action before
implementation of new FRs chemicals should not only be an assessment of their benefits
for fire safety, but also the availability of sufficient information regarding their possible
risks for the environment, wildlife and humans.
At the same time, for some consumer goods, there seems to be no equally effective
alternatives for BFRs like DecaBDE and HBCD and no replacement is yet possible. For this
situation, a second line of action could be taken, where as temporary solution only the
minimum effective amount of these BFRs could be used in consumer goods. New
guidelines for using international standardized minimum effect levels of BFRs in consumer
goods should be implemented. Such a standardization could reduce the environmental
release of these existing BFRs significantly and at the same time might bring down the
remarkable differences in exposure levels between North America versus Europe and Asia.
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Brominated Flame Retardants and their metabolites
Novel insights into endocrine disruptive properties

1 Introduction and context
Every year, thousands of people get injured or killed by accidental fires at home. Fire is
the second most common reason of death at home. The majority of the deaths related to
fire occur in places where people sleep, such as hotel rooms or bedrooms. To avoid a fire
from developing or spreading, the chemical reaction between the oxygen, fuel and heat
source has to be prevented or stopped. This can be done by taking away the free radicals
that are generated during the combustion process and this is exactly what brominated
flame retardants (BFRs) are designed to do. Thus, BFRs are chemicals that are added to
materials during the manufacture of for example electronic equipment, furniture,
construction materials and textiles to inhibit or suppress possible ignition.

1.1 Definition and classification of brominated flame retardants and their
metabolites
BFRs have been used since the 1970’s and their demand has increased tremendously
during the last decades, mainly for two reasons: the need to meet strict fire safety
regulations to prevent possible accidents and the high demand of these materials such as
electronics, which have to meet those same fire safety regulations. The total world market
demand for BFRs in 1999 was estimated to be over 200,000 metric tonnes, of which a
total of 30,000 metric tonnes were destined for Europe.
There are five major classes of BFRs, which include hexabromocyclododecane
diastereomers (HBCDs), tetrabromobisphenol-A (TBBPA) and three commercial mixtures of
polybrominated diphenylethers (PBDEs) known as (Penta, Octa and DecaBDE). Nowadays,
these five groups of chemicals constitute the majority of BFR production, although new
compounds are being introduced constantly while others are eliminated from commerce.
Actually, Penta- and OctaBDE mixtures have been banned in Europe now for a number of
years and industry voluntarily stopped production in United States in 2004.
Besides BFRs, their metabolites are also gaining more attention. Especially PBDEs were
in vivo found to be metabolized into hydroxylated and methoxylated PBDEs (OH- and
MeO-PBDEs), including humans. At the same time, some of these hydroxylated or
methoxylated congeners have also been measured as endogenous products in biota from
the marine environment.
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1.2 Route of exposure and major effects of BFRs and their metabolites
Some BFRs have been classified as persistent organic pollutants (POPs), due to their
physical and chemical properties such as low volatility, water solubility and persistence in
abiotic as well as biotic samples. Due to this persistence of BFRs, many of these
compounds can also bioaccumulate and biomagnify in the food web finding their way to
humans primarily via food. However, internal human concentrations vary between
countries. For example North American levels of lower brominated PBDEs are in general 10
to 100 times higher compared to European concentrations. However, based on PBDE
intake exposure studies, no significant differences were found between North American
and Western-European countries. This indicates that diet is probably not the only route of
exposure and maybe the use of higher safety standards in goods such as electronics, are
responsible for increased exposure in e.g. the North American population. At the same
time, human exposure via inhalation and non-dietary ingestion of indoor air and house
dust is getting more attention. This appears to be especially important for small children
since they spend a long time on the floor. BFRs and especially PBDEs, have been
measured in blood and tissue samples of human fetuses, indicating the possibility of
mother-foetus transport via placenta.
Besides the rising concentrations of these BFRs in wildlife and humans, concerns about
possible adverse effects have started to grow. Results from in vitro and in vivo studies
show among others hepatotoxicity, embryotoxicity and disruption of the endocrine system
as well as developmental toxicity by certain BFRs and their metabolites. Recently,
behavioral effects have been observed in mice after administration of PBDEs during a
critical period in brain development shortly after birth. Yet, little is known about the
mechanisms of BFR action.

2 Focus and research topics of this PhD thesis
In order to complete some of the lacking toxicological information, the main purpose of
this thesis was to summarize the recent findings of several studies done in our laboratory
on the endocrine disruptive properties of brominated flame retardants and their
metabolites.
An endocrine disruptor is defined as a substance or mixture of substances that change
or alter the function of the endocrine system. The endocrine system is an integrated
system of small organs known as glands such as thyroid or ovary glands, which are
involved in the production and released of hormones such as thyroxine or estradiol into
the bloodstream. These hormones distribute thought the body and manifest their actions
in the target cells after binding to their specific receptors (for example, estrogensl binds to
the estrogen receptor).
Based on this hormonal mode of action, an endocrine disruptor can act in more than
one mechanism; it can mimic or partially mimic the endogenous hormone by binding to
hormone receptors, alter the production and degradation of natural hormones or even
alter the gene expression profile of a hormonal mechanism.
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2.1 Effects of BFRs and their metabolites on the sex steroid hormone action
Sex steroid hormones such as androgens (e.g. testosterone) or estrogens (e.g. estradiol)
are formed by steroidogenic enzymes and released into bloodstream by several endocrine
glands for example testes and ovaries. Interferences by endocrine disruptors with the
steroid

biosynthesis

may

result

in

impaired

reproduction,

alterations

in

(sexual)

differentiation, growth, and the development of hormone-dependent-tumors. Sex steroid
hormone synthesis is controlled by the activity of several enzymes. Some of these
enzymes, such as CYP17 and CYP19 (aromatase), play an key role in the production of sex
hormones. The CYP17 enzyme catalyzes an important step in sex steroidogenesis and is
responsible for the biosynthesis of the weak androgens dehydroepiandrosterone (DHEA)
and androstenedione. In a following step, the enzyme aromatase (CYP19) mediates the
conversion of androgens into estrogens.
In vitro, using the human adrenocortical carcinoma cells (H295R), the effects on the
catalytic activities of these two steroidogenic key enzymes (CYP17 and CYP19 or
aromatase) by a number of BFRs and some of their metabolites were studied. Further,
development and validation of a new in vitro method for studying effects on CYP17 activity
is described in this thesis. The catalytic activity of CYP17 was determined after addition of
pregnenolone (the substrate for CYP17) to control and BFR exposed H295R cells and the
production of DHEA (product of CYP17) was measured using a radio-immunoassay.
The in vitro aromatase activity was quantified by using 3H-water release assay, where
a radio-labelled substrate (3H-androstenedione) is added to control and BFR exposed
H295R cells. The aromatase enzyme incorporates 3H in the water-molecule that is formed
during the reaction. Then, the amount of tritiated water-molecules can be measured.
In Chapter 2 and 3, the results of the effects on the enzymatic activities of CYP17 and
CYP19 by the tested compounds are presented. None of the tested BFRs had a significant
effect on CYP19 or CYP17 activity except for BDE-183, which showed significant inhibition
of CYP17 activity at the highest concentration tested. This effect was not caused by
cytotoxicity. Tribromophenol, a less commonly used BFR, which is also naturally produced
in the marine environment, caused a concentration-dependent induction of aromatase
activity with a maximum of 3.8 fold induction at the highest concentration studied.
Besides the minor effects of PBDEs on sex steroid synthesis, their metabolites,
especially OH-PBDEs, did exhibit significant in vitro effects on CYP17 as well as CYP19
activities. A strong inhibition of CYP17 and CYP19 activities was found for 6-OH-BDE47.
This common PBDE metabolite caused a concentration-dependent decrease of almost 90%
at the highest concentration tested. This decrease in the steroidogenic enzyme activities
was partially caused by a decrease in cell viability at the higher concentrations.
Replacement of the 6-hydroxy-group by a 6-methoxy-group eliminated this cytotoxic
effect, although the CYP17 and CYP19 activities were still slightly, but significantly
inhibited in the H295R cells.
Based on these in vitro results, especially the hydroxy metabolites of PBDEs appear to
have the potential to interfere with the production of sex steroid hormones although these
effects can partly be due to cytotoxicity. Therefore, in order to discern these cytotoxic
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effects from true catalytic inhibition, the steroidogenic effects of 22 hydroxylated (OH-)
and methoxylated PBDEs (MeO-PBDEs) were studied in human placenta microsomes
(small cellular vesicles containing several (steroidogenic) cytochrome P450 enzymes).
In Chapter 4 results of these OH- and MeO-PBDE metabolites are presented and the
possible structure-activity relationships responsible for the inhibition of CYP17 and CYP19
enzyme activities were also determined. The human placenta microsomes expressed a
high basal aromatase activity and a concentration-dependent inhibition of this enzyme
activity was measured for all OH-PBDE metabolites tested. IC50 values for these OH-PBDEs
were in the low µM range, but the MeO-PBDEs did not have any inhibitory effect.
Results of enzyme kinetic experiments with two specific OH-PBDEs, 5- and 6-hydroxy2,2’,4,4’-tetrabromo

diphenyl

ether

(5-

and

6-OH-BDE47),

indicated

that

these

metabolites are mixed-type inhibitors of aromatase. This means that these OH-PBDEs can
bind to the active catalytic site of aromatase, but also to other sites of the enzyme causing
conformational changes of the structure that might also decrease enzyme activity.
Additionally, some structurally related compounds to PBDE metabolites, dihydroxylated
and dimethoxylated biphenyls (2,2’-diOH-BB80; 2,2’-diMeO-BB80) were included in this
study. Again inhibition of aromatase activity could only be measured with the hydroxylated
congener, but its potency was significantly less than those observed for the OH-PBDEs.
These results show that OH-PBDEs have the potential to disturb steroidogenesis and
indicate a potential mechanism of action of these BFR metabolites as endocrine disruptors
in humans and wildlife. However, lower potencies were observed for the hydroxylated
PBDEs when compared with pharmaceutical inhibitors of aromatase such as fadrozol or
letrozole, which are used as adjuvant therapy against breast cancer.
Besides modifying the production of hormones by affecting steroidogenic enzymes, an
endocrine disruptor can also change the sex steroid hormone actions by binding to
hormone receptors like the estrogen or androgen receptor (ER, AR) either as (partial)
agonist or antagonist. Earlier studies already indicated that several BFRs and their
metabolites can act as potent ER agonists in different in vitro systems. Therefore, many
studies have focussed on the potential (anti)estrogenic properties of BFRs and their
metabolites, but little is known about their (anti)androgenic potential.
In Chapter 5, the agonistic and antagonistic properties of several BFRs and PBDE
metabolites on the human AR are described in two different in vitro recombinant systems.
These in vitro systems included: i) recombinant yeast cells (RAA) expressing the human
androgen receptor (hAR) and enhanced green fluorescent protein as reporter gene ii) cotransfected human T47D cells with the human AR and luciferase gene as reporter gene
(T47D-ARE).
No agonistic effects were measured for any of the tested BFRs, while anti-androgenic
effects were observed in both assays. RAA experiments showed that some PBDEs, their
metabolites, HBCD and TBP have antagonistic properties on the AR below or around µM
concentrations. By using the T47D-ARE assay the anti-androgenic effect was confirmed for
some PBDE metabolites, but their potency was lower compared to the results obtained
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with RAA. The results of these studies indicate that BFRs and metabolites interact with the
AR in vitro and therefore may have the potential to affect androgen dependent tissues in a
whole organism. These findings are in concordance with previous in vitro and in vivo
results, where direct interaction of some PBDEs with the human AR was also observed. It
has been postulated that this anti-androgenic activity is possibly causing the reproductive
and developmental impairments that have been reported in PBDE exposed rats.

2.2 Changes on the hepatic gene expression profiles by HBCD in rats
The banned Penta- and Octa-PBDE mixtures are now partly being replaced by HBCD.
Related to this it should be noted that in recent years HBCD levels in environmental and
human samples are now approaching those of e.g. BDE-47. From literature, data on the
toxicology of HBCD is very scarce. In order to fill in some gaps, a 28-day HBCD repeated
dose study (OECD407) was done in Wistar rats, within the framework of the European
project FIRE. In female rats, reduced serum thyroid hormone (TT4) levels, high serum
cholesterol levels and higher internal liver concentrations of HBCD were observed.
In Chapter 6, liver tissues from these animals were used to assess gene profile
changes with microarray and qPCR technology. A good agreement of the results was
observed when the changes in gene expression were compared with some of the
macroscopic effects. Cholesterol biosynthesis and hepatic lipid metabolising genes were
down-regulated in female rats and could be linked to the low in vivo thyroid hormone TT4
and serum cholesterol levels. For these effects a proposed hypothesis of the mechanism of
action for HBCD is included Chapter 6. In addition, some genes of the phase II metabolism
were up-regulated in male rats after 28-day exposure to HBCD, which might explain the
lower internal liver concentrations measured in males compared with females.

3 Overall conclusions
The most relevant BFRs and some of their metabolites have been studied in the this PhD
thesis with an emphasis on endocrine disruptive effects (especially on the sex steroid
action). Several in vitro and ex vivo techniques have been used for assessing the effects of
BFRs and their metabolites on key enzymes of sex steroid production (CYP17 and 19) and
interactions on the AR. Furthermore, the effects of HBCD on hepatic gene expression
profiles have been analyzed in more detail.
From these results it can be concluded that BFRs, especially the hydroxylated PBDE
compounds can significantly inhibit the activity of two key enzymes of the production of
sex hormones. In addition, significant anti-androgenic effects of especially OH-PBDEs were
found. Significant changes of the hepatic gene expression profiles in rats that were orally
exposed to HBCD indicated a higher sensitivity of female rats compared with male rats.
In general, the observed in vitro effects for several BFRs and their metabolites can
indeed explain some of the effects that have been earlier described from in vivo studies.
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4 Future perspectives
In the near future, it can be predicted that after the worldwide ban of Penta and OctaBDE
formulations, concentrations of especially DecaBDE and/or HBCD will increased in time.
Due to their persistence and toxic effects new alternatives are being investigated.
However, it appears difficult to design BFRs which are more environmental friendly but
also equally effective as flame retardants. Clearly, it would be better to use fire resistant
materials that are not hazardous, but replacement of BFRs like DecaBDE and HBCD seems
not feasible yet in some applications.
For this situation, a temporary solution could be to use only the minimum effective
amount of BFRs in these consumer goods, e.g. electronics and furniture upholstery. New
guidelines for using minimum effect concentrations of these BFRs in consumer goods
should be implemented and might bring down the remarkable differences in exposure
levels that now observed between different geographical regions.
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Gebromeerde vlamvertragers en hun metabolieten
Nieuwe inzichten in hormoonverstorende eigenschappen

1 Inleiding en achtergrond
Elk jaar zijn er duizenden mensen die gewond raken of sterven door binnenhuisbranden.
Een binnenhuisbrand is de op een na meest voorkomende oorzaak van onnatuurlijke
sterfte in huis. Het overgrote deel van deze sterfgevallen wordt veroorzaakt door branden
in slaapruimtes, zoals hotelkamers en slaapkamers. Om uitbreiding van een brand te
voorkómen moet de chemische reactie tussen zuurstof, brandstof en hittebron verbroken
worden. Dit kan door het wegnemen van de vrije radicalen die ontstaan tijdens een
verbrandingsproces.

Dit

is

precies

waarvoor

gebromeerde

vlamvertragers

(BFR’s)

ontworpen zijn. Beter gezegd, gebromeerde vlamvertragers zijn chemische verbindingen
die tijdens de productie worden toegevoegd aan materialen, zoals bijvoorbeeld elektrische
apparaten, meubilair, bouwmaterialen en textiel om mogelijk ontbranding te remmen of te
voorkomen.

1.1

Definitie

en

classificatie

van

gebromeerde

vlamvertragers

en

hun

metabolieten
Gebromeerde vlamvertragers worden sinds de zeventiger jaren toegepast en de vraag
ernaar neemt de laatste jaren enorm toe. Hiervoor zijn twee hoofdoorzaken aan te wijzen:
de noodzaak om te voldoen aan de striktere brandveiligheidsnormen om mogelijke
ongelukken te voorkomen en de grotere vraag naar producten zoals elektronica welke aan
dezelfde hoge brandveiligheidsnormen moeten voldoen. De totale wereldvraag naar
gebromeerde vlamvertragers was in 1999 meer dan 200.000 ton, waarvan 30.000 ton
bestemd was voor de Europese markt.
Er zijn 5 hoofdklassen van gebromeerde vlamvertragers, te weten diastereomeren van
hexabroomclycododecaan (HBCDs), tetrabroombisphenol-A (TBBPA) en drie commerciële
mengsels van gebromeerde diphenylethers (PBDEs) eveneens bekend

als PentaBDE,

OctaBDE en DecaBDE mengsels. Tegenwoordig vormen deze vijf groepen chemicaliën de
meerderheid van de geproduceerde gebromeerde vlamvertragers, alhoewel er voortdurend
nieuwe verbindingen geïntroduceerd worden op de markt, terwijl andere van de markt
gehaald worden. Op dit moment zijn PentaBDE en OctaBDE mengsels verboden in Europa
en is de broomindustrie in 2004 vrijwillig gestopt met de productie hiervan in de Verenigde
Staten.
Naast

deze

gebromeerde

vlamvertragers

krijgen

ook

de

afbraakbroductien

(metabolieten) hiervan, steeds meer aandacht. Voor PBDEs is aangetoond dat zij in vivo
omgezet kunnen worden tot hydroxy en methoxy metabolieten (OH-PBDE en MeO-PBDEs).
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Tegelijkertijd is voor een aantal van deze OH-PBDEs en MeO-PBDEs aangetoond dat zij
van nature voorkomen in mariene organismen.

1.2

Blootstellingsroute

en

belangrijkste

effecten

van

gebromeerde

vlamvertragers, inclusief hun metabolieten
Een aantal gebromeerde vlamvertragers wordt beschouwd als persistente organische
verbindingen (POPs) vanwege hun fysische en chemische eigenschappen, zoals hun lage
verdampingssnelheid, oplosbaarheid in water en persistentie in het milieu. Vanwege deze
persistentie kunnen gebromeerde vlamvertragers accumuleren in levende organismen en
doorvergiftiging veroorzaken bij soorten hoger in het voedselketen, inclusief de mens.
Bloed en moedermelk concentraties bij de mens variëren tussen verschillende landen en
continenten.

De achtergrondniveaus van PBDEs

in

Noord-Amerika zijn gemiddeld

bijvoorbeeld tien tot honderd keer hoger dan die in Europa. In onderzoek naar de
blootstelling van PBDEs via het voedsel zijn geen belangrijke verschillen gevonden tussen
Noord-Amerikaanse en Europese landen. Blijkbaar is voeding dus niet de belangrijkste
blootstellingroute voor mensen. Het lijkt er steeds meer erop dat inademing van
binnenlucht

en

huisstof

een

belangrijke

blootstellingsroute

is.

Door

de

hogere

veiligheidsnormen voor goederen zoals elektronica zal de blootstelling van de NoordAmerikaanse bevolking via deze routes dan ook hoger zijn, wat de hoge concentraties in
bloed en moedermelk zou kunnen verklaren. Blootstelling aan huisstof kan ook van
bijzonder groot belang zijn voor kleine kinderen omdat die relatief veel tijd op de vloer
doorbrengen. Daarbij zijn gebromeerde vlamvertragers, met name PBDEs, ook gevonden
in het bloed van de menselijke foetus, wat wijst op transport via de placenta.
Naast de toegenomen concentraties van gebromeerde vlamvertragers in mens en dier
is er ook toenemende bezorgdheid over de mogelijk negatieve gezondheidseffecten die
door deze toename zouden kunnen ontstaan. Zowel in vivo als in vitro onderzoek heeft
aangetoond dat bepaalde gebromeerde vlamvertragers en hun metabolieten levertoxiciteit,
embryotoxiciteit en verstoring van het hormonale systeem kunnen veroorzaken. Daarnaast
heeft recent onderzoek aangetoond dat PBDEs gedragsveranderingen bij muizen kunnen
veroorzaken als deze muizen kort na de geboorte, tijdens een kritieke fase in de
hersenontwikkeling, PBDEs toegediend kregen. Ondanks dat inmiddels een aanzienlijk
aantal toxische effecten van deze gebromeerde vlamvertragers is gevonden, is er toch nog
erg weinig bekend over hun werkingsmechanisme.

2 Doel en onderzoeksthema’s van dit proefschrift
Het hoofddoel van dit proefschrift was om een deel van de ontbrekende toxicologische
informatie over BFRs in te vullen met de resultaten uit ons laboratorium. Deze resultaten
zijn afkomstig van verschillende onderzoeken uit ons laboratorium op het gebied van
hormoonverstorende
metabolieten.
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Een hormoonverstorende stof wordt gedefinieerd als een stof of een mengsel van
stoffen die de functie van het hormonale systeem kan veranderen. Het hormonale systeem
is een samenhangend systeem van kleine organen die betrokken zijn bij de productie en
uitscheiden van hormonen in het bloed. Zo produceert de schildklier bijvoorbeeld thyroxine
en de eileiders oestradiol. Deze hormonen verspreiden zich door het lichaam en activeren
bepaalde cellen doordat ze binden zijn aan hun specifieke receptor. Oestradiol bindt
bijvoorbeeld aan de oestrogeenreceptor en activeert zo processen die afhankelijk zijn van
oestradiol.
Door deze werkwijze in het lichaam kan een hormoonverstorende stof op verschillende
manieren een effect in het lichaam veroorzaken; een stof kan de werking van een
natuurlijk voorkomend hormoon (gedeeltelijk) versterken of tegengaan, een stof kan de
productie en afbraak van natuurlijke hormonen veranderen of een stof kan de expressie
van hormoonafhankelijke genen beïnvloeden.

2.1 Effecten van gebromeerde vlamvertragers en hun metabolieten op de
werking van geslachtshormonen
Geslachtshormonen zoals de androgenen (bijvoorbeeld testosteron) of de

oestrogenen

(bijvoorbeeld oestradiol) worden gevormd door specifieke omzettingen van cholesterol en
afgegeven in het bloed door verschillende klieren zoals de geslachtsorganen. Verstoring
van de aanmaak van deze geslachtshormonen door lichaamsvreemde stoffen kan invloed
hebben op oa. de voortplanting, het gedrag en de ontwikkeling van hormoonafhankelijke
tumoren. De aanmaak van geslachtshormonen staat onder controle van een aantal
specifieke enzymen. Sommige van deze enzymen, zoals CYP17 en CYP19 (ook wel
aromatase genaamd) regelen belangrijke stappen in de productie van geslachtshormonen.
Het CYP17 enzym is verantwoordelijk voor de aanmaak van de androgene hormonen
dehydroepiandrosterone (DHEA) en androstenedione. In een daarop volgende stap regelt
CYP19 de omzetting van androgenen in oestrogenen.
De effecten van verschillende gebromeerde vlamvertragers en een aantal van hun
metabolieten op de activiteit van deze twee enzymen is in vitro bestudeerd in humane
bijnierschors tumorcellen (H295R cellijn). Hiervoor hebben we een nieuwe in vitro
methode ontwikkeld en gevalideerd voor het bestuderen van de effecten op de CYP17
activiteit, welke in dit proefschrift wordt beschreven. Met deze methode wordt de activiteit
van CYP17 bepaald na toevoegen van pregnenolone (het substraat voor CYP17) na
blootstelling aan gebromeerde vlamvertragers. De hierbij optredende productie van DHEA
(een product van CYP17) wordt vervolgens gemeten met behulp van een radio-immunoassay.
De in vitro activiteit van CYP19 (aromatase) is in het onderzoek gekwantificeerd door
gebruik te maken van de eerder beschreven methode met 3H-water waarbij
androstenedione als een radioactief substraat wordt toegevoegd. Bij de omzetting door
CYP19 wordt de radioactieve label (3H) uit androstenedione in water ingebouwd Het
onstane radio-actieve water kan daarna eenvoudig worden gemeten.
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In hoofdstuk twee en drie zijn de effecten van BFRs op de enzymactiviteiten van CYP17
en CYP19 onderzocht. Vrijwel geen van de gebromeerde vlamvertragers vertoonde een
significant effect op de CYP17 en CYP19 activiteit. Een uitzondering was BDE-183, die een
significante remming van de CYP17 activiteit veroorzaakt, maar alleen bij de hoogste test
concentratie. Deze remming kon niet worden verklaard door celdood, maar was dus een
effect

van

de

stof

op

het

CYP17

enzym.

Tribroomfenol,

een

minder

gebruikte

vlamvertrager, die ook van nature ontstaat in het mariene milieu, veroorzaakte een
concentratieafhankelijke inductie van CYP19 tot een maximum van 3,8 keer de
achtergrond waarde.
Behalve deze minimale effecten van PBDEs op aanmaak van geslachtshormonen
bleken de metabolieten hiervan, in het bijzonder de OH-PBDEs een veel belangrijker
remming op de CYP17 en CYP19 activiteit te veroorzaken. Een sterke remming op de
activiteit van beide enzymen werd met name gevonden voor 6-OH-BDE47. Deze
veelvoorkomende PBDE metaboliet veroorzaakte een remming van bijna 90% bij de
hoogste concentratie. De afname van deze enzymactiviteit werd gedeeltelijk veroorzaakt
door toegenomen celdood. Het vervangen van 6-hydroxygroep door een methoxygroep
elimineerde het optreden van celdood, maar de CYP17 en CYP19 activiteit werden nog
steeds, al was het in mindere mate, geremd in menselijke bijniertumor cellen (H295R
cellijn).
Op basis van de resultaten van dit promotieonderzoek is gebleken dat met name
metabolieten van PBDEs de mogelijkheid hebben om de productie van geslachtshormonen
te kunnen beïnvloeden. Om een onderscheid te kunnen maken tussen het veroorzaken van
celdood door deze stoffen en echte remming van enzymen betrokken bij de vorming van
geslachtshormonen is de werking 22 hydroxy en methoxy PBDEs nader bestudeerd in
microsomen van de menselijke placenta (dit zijn kleine cellulaire fragmenten die actieve
cytochroom P450 enzymen, zoals CYP17 en CYP19, bevatten).
De resultaten uit deze experimenten worden beschreven in hoofdstuk 4. Ook de
mogelijke structuur-activiteits-relaties voor de remming van de CYP17 en CYP19 activiteit
zijn nader onderzocht. Hiervoor zijn microsomen van de menselijke placenta gebruikt, die
een hoge CYP19 activiteit hebben. Voor vrijwel alle geteste OH-PBDE metabolieten werd
een concentratie-afhankelijke remming van de aromatase activiteit gevonden. IC50
waarden van de OH-PBDEs vielen in het lagere µM gebied. De MeO-PBDEs hadden
daarentegen geen enkel effect op de aromatase activiteit.
Met twee specifieke OH-PBDEs, 5- en 6-hydroxy-2,2’,4,4’-tetrabroom diphenyl ether
(5- en 6-OH-BDE47), werden experimenten op het gebied van de enzymkinetiek
uitgevoerd. Deze toonden aan dat deze metabolieten gerekend moeten worden tot het
‘gemengde type aromataseremmers’. Dit betekent dat ze binden aan de actieve kant van
het CYP19 (aromatase) enzym, maar dat ze ook op andere plaatsen in het enzym
wijzigingen in de structuur kunnen veroorzaken, waardoor de enzymactiviteit afneemt.
Ter aanvulling werd een aantal stoffen onderzocht die in structuur sterk lijken op de
eerder

genoemde

PBDE

metabolieten;

dihydroxy

biphenyl

2,2’-diOH-BB80

en

dimethoxybiphenyl 2,2’-diMeO-BB80). Weer werd remming van de CYP19 activiteit
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gemeten voor de gehydroxyleerde verbinding, maar de remmende werking was significant
lager in vergelijking met eerder genoemde OH-PBDEs.
Uit onze in vitro experimenten blijkt dat OH-PBDEs mogelijk de aanmaak van
geslachthormonen kunnen verstoren bij mens en dier en de manier waarop ze dit zouden
kunnen doen. Ter vergelijking is gekeken naar het verschil in de mate van remming door
OH-PBDEs t.o.v. aromataseremmers die worden gebruikt bij de behandeling van
borstkanker, zoals fadrozol en letrozole.
Zoals eerder vermeldt hoeft een hormoonverstorende stof niet alleen de productie van
hormonen veranderen, maar kan het ook de werking van het natuurlijke hormoon
versterken (agonist) of tegengaan (antagonist) door te binden aan de receptor, zoals de
oestrogeen- of androgeenreceptor (ER, AR). Eerdere studies wezen al uit dat verschillende
gebromeerde vlamvertragers en hun metabolieten als ER agonist kunnen optreden. Als
gevolg hiervan hebben veel onderzoeken zich tot nu toe gericht op de mogelijke antioestrogene eigenschappen van gebromeerde vlamvertragers en hun metabolieten. Er is op
dit moment echter nog weinig bekend over mogelijke interacties van deze stoffen met de
AR en hun mogelijke (anti-)androgene werking.
In hoofdstuk 5 worden de interacties van verschillende gebromeerde vlamvertragers en
hun PBDE-metabolieten op humane AR beschreven in twee verschillende in vitro
recombinant systemen. Hiervoor werden gebruikt i) recombinant gistcellen (RAA) met de
menselijk androgeenreceptor (hAR) met een groen fluorescerend eiwit als reporter gen en
ii) een menselijke borsttumor cellijn (T47D) met de hAR en het luciferase gen als reporter
gen.
Uit experimenten met beide cellijnen bleek dat de geteste gebromeerde vlamvertragers
of hun metabolieten geen in vitro androgene werking vertoonden via de AR. Wel werden er
duidelijke en significante anti-androgene effecten waargenomen, die er op wijzen dat deze
stoffen of hun metabolieten kunnen concurreren voor de AR met natuurlijke androgenen
zoals testosteron. Deze anti-androgene werking van enkele PBDEs of hun metabolieten,
HCBD en TBP werden in de gistcellen (RAA) al gevonden bij concentraties onder de µM. De
metabolieten van PBDEs waren zelfs potenter dan de moederstoffen. Voor deze
metabolieten werden vergelijkbare resultaten verkregen met T47D-ARE cellijn, al bleken
deze borsttumorcellen minder gevoelig te zijn voor het anti-androgene effect van OHPBDES. De resultaten met beide bioassays geven duidelijk aan dat gebromeerde
vlamvertragers en hun metabolieten interactie kunnen hebben met de humane AR
waardoor een anti-androgene in vivo werking niet kan worden uitgesloten. Deze
bevindingen zijn in goede overstemming met eerdere in vitro en in vivo onderzoeken,
waarbij eveneens directie interactie van sommige PBDEs met de humane AR is
waargenomen. Op grond van de waargenomen anti-androgene werking door PBDEs via de
AR wordt gesuggereerd dat de negatieve effecten op de voorplanting van ratten via dit
werkingsmechanisme kunnen ontstaan.
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2.2 Veranderingen in genexpressie door HBCD in de rat
De uit de handel genomen Penta- en Octa-PBDE mengsels zijn gedeeltelijk vervangen door
HCBD. Mogelijk als gevolg hiervan zijn de laatste jaren de HBCD concentraties in het
milieu en menselijk weefsel sterk toegenomen waardoor nu waarden worden gevonden die
vergelijkbaar zijn met sommige PBDEs. In de wetenschappelijk literatuur zijn nauwelijks
gegevens over de toxicologie van HBCD te vinden. Om deze lacune in de kennis op te
vullen is een 28-dagen studie (OECD407) met Wistar ratten en HBCD uitgevoerd in het
kader van het Europese samenwerkingproject FIRE. De meest gevoelige effecten werden
waargenomen in vrouwelijke ratten en betroffen een verlaagd serum gehalte van het
schildklier

hormoon

(TT4),

een

hoog

serum

cholesterol

waarde

en

hogere

leverconcentraties van HBCD.
In hoofstuk 6 is het genprofiel van leverweefsel van zowel mannelijke als vrouwelijke
ratten bestudeerd met behulp van microarray en qPCR technieken. Een deel van de
veranderingen in het genprofiel konden gebruikt worden om een aantal in vivo effecten
nader te verklaren. Uit deze analyse bleek dat expressie van genen die verantwoordelijk
zijn voor de aanmaak van cholesterol en afbraak van vetten in vrouwelijke ratten geremd
werden door HBCD. Deze effecten op gen niveau zouden de in vivo geobserveerde lagere
schildklierhormoon en cholesterol gehaltes in serum kunnen verklaren. Een hypothese
voor de achterliggende werkingsmechanismen door HBCD is opgenomen in hoofdstuk 6.
Daarnaast werd aangetoond dat een aantal van de genen die betrokken zijn bij het fase II
metabolisme bij mannelijke ratten werden geïnduceerd door HBCD. Deze sex afhankelijke
inductie van metabolisme genen zou een verklaring kunnen zijn voor het feit dat de lever
concentraties van HBCD in mannelijke ratten lager zijn dan die in vrouwelijke ratten.

3 Slotconclusies
De meest relevante gebromeerde vlamvertragers en een aantal van hun metabolieten zijn
nader onderzocht en beschreven in dit proefschrift. Hierbij is de nadruk gelegd op
hormoonverstorende effecten. Tijdens het onderzoek zijn verschillende in vitro en in vivo
technieken zijn gebruikt om de effecten van gebromeerde vlamvertragers en hun
metabolieten op CYP17 en CYP19 (aromatase) bij de productie van geslachtshormonen te
bepalen. Daarnaast is aandacht besteed aan de mogelijke interacties van deze stoffen en
hun metabolieten op de androgeenreceptor. Tot slot zijn de effecten op genexpressie van
een specificieke vlamvertrager, HBCD, nader onderzocht.
Uit deze resultaten kan worden geconcludeerd, dat met name gehydroxyleerde
metabolieten van PBDEs de activiteit van CYP17 en CYP19 (aromatase) kunnen
beïnvloeden, waardoor de aanmaak van zowel estrogenen als androgenen kan worden
geremd. Daar naast blijken PBDEs en hun hydroxymetabolieten in vitro ook een antiandrogene werking te hebben. Door middel van analyse van genexpressie in de lever van
HBCD-blootgestelde ratten kunnen een mogelijk aantal effecten op de schildklier- en
cholesterol-huishouding verklaard worden. Het tragere metabolisme van HBCD bij
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vrouwelijke ratten zou de verhoogde gevoeligheid t.ov. mannelijke dieren kunnen
verklaren.
In het algemeen kan gesteld worden dat de waargenomen in vitro effecten voor BFRs
en hun metabolieten een goede verklaring kunnen geven voor een deel van de in vivo
effecten die in de literatuur zijn beschreven.

4 Toekomst perspectieven
In de nabije toekomst kan worden verwacht dat na het verbod op Penta- en Octa-BDEs als
vlamvertragers op wereldschaal de concentraties van DecaBDE en HBCD zullen toenemen.
Door

hun

milieupersistentie

en

toxische

effecten

zal

waarschijnlijk

naar

nieuwe

alternatieven moeten worden gezocht. Op dit moment is het echter moeilijk om
vlamvertragers te vinden die milieuvriendelijker zijn en op zijn minst even effectief
werken.

Het

zou

beter

zijn

om

in

de

toekomst

meer

niet-giftige

en

minder

milieuschadelijke brandwerende materialen te gebruiken, maar het vervangen van
DecaBDE en HBCD lijkt vooralsnog in sommige toepassingen op korte termijn nog niet
mogelijk.
In het kader hiervan zou als een voorlopige oplossing gesuggereerd kunnen worden
dat de kleinst mogelijke effectieve hoeveelheden gebromeerde vlamvertragers worden
gebruikt. Mogelijk zouden hiervoor nieuwe of aangescherpte richtlijnen moeten worden
opgesteld. Dit zou er dan toe kunnen leiden dat de consument in het dagelijks leven aan
lagere hoeveelheden van deze stoffen wordt blootgesteld en dat de opvallende verschillen
in blootstellingniveaus tussen de verschillende continenten worden verkleind.
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Retardantes de Llama Bromados y sus metabolitos

Nuevos hallazgos en sus propiedades como disruptores endocrinos

1 Introducción y contextualización
Incendios domésticos involuntarios causan cada año, miles de heridos e incluso la pérdida
de la vida a miles de personas. Los incendios son el segundo caso más común de muerte
en el hogar. La mayoría de las muertes relacionadas con fuegos ocurren en sitios donde la
gente descansa o duerme, como en habitaciones de hotel o dormitorios. Para evitar el
desarrollo del fuego en caso de accidente, la reacción química entre el oxígeno, carburante
y calor puede ser detenida. Esto se puede conseguir al eliminar los radicales libres que se
generan durante la combustión y esto es exactamente para lo que los retardantes de llama
bromados (BFRs) están diseñados. Por lo tanto, los BFRs son químicos incorporados en
plásticos, textiles, circuitos electrónicos etc. para reducir la inflamabilidad de un material o
para retrasar la propagación de las llamas en caso de incendio.

1.1 Definición y clasificación de los Retardantes de Llama Bromados y sus
metabolitos
Los retardantes de llama bromados (BFRs) se utilizan desde los años 70 y su demanda ha
aumentado desmesuradamente durante las últimas décadas, debido especialmente a dos
razones: la necesidad de cumplir las estrictas normas de seguridad antiincendios en los
diferentes materiales, como circuitos electrónicos o plásticos, para la prevención de
posibles accidentes así como la gran demanda de dichos materiales, que deben cumplir
dicho reglamento. En 1999 la demanda de estos compuestos en el mercado mundial fue
estimada en 200.000 toneladas métricas, de las que 30.000 toneladas fueron destinadas
para Europa.
Los

cinco

grupos

principales

de

retardantes

de

llama

bromados

son:

hexabromociclododecano y diastereomeros (HBCDs), tetrabromobisfenol-A (TBBPA) y tres
mezclas comerciales de polibromodifeniléteres (PBDEs) conocidos como Penta, Octa and
DecaBDE. Hoy en día, estos cinco grupos de químicos constituyen la mayoría de la
producción

de

BFRs,

aunque

nuevos

compuestos

están

siendo

introducidos

constantemente en el mercado simultáneamente a la eliminación de otros. Por ejemplo,
las mezclas Penta y OctaBDE fueron retiradas en 2004 en Europa y el mismo año en
Estados Unidos la industria paró su producción voluntariamente.
Además de los BFRs, sus metabolitos están recibiendo mucha atención en los últimos
años. En experimentación in vivo, diferentes PBDEs se metabolizan en derivados
hidroxilados y metoxilados. Al mismo tiempo, algunos de estos químicos hidroxilados y/o
metoxilados se encuentran y miden como compuestos naturales en muestras del medio
ambiente marino.
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1.2 Rutas de exposición y efectos más destacados de BFRs y sus metabolitos
Algunos de los BFRs han sido clasificados como compuestos orgánicos persistentes (COPs),
debido a sus propiedades físicas y químicas, como son su baja volatibilidad, solubilidad en
agua y persistencia en muestras abióticas o biológicas. Debido a la gran persistencia de los
BFRs, estos compuestos pueden también bioacumularse y biomagnificarse en la cadena
alimenticia, llegando así a los humanos principalmente a través de su dieta. Sin embargo,
las concentraciones internas en humanos varían entre países; en el caso de América del
Norte los niveles de PBDEs oscilan entre 10 o incluso 100 veces más que los niveles de
otros países. Basándonos en los cálculos de concentraciones de PBDEs en diferentes
alimentos y estudios de ingesta, no hubo diferencias entre América del Norte y países de
la Europa occidental. Estos datos nos indican que la dieta no es la única vía de exposición
a estos químicos y posiblemente el uso de concentraciones más elevadas de BFRs en
productos y materiales en países como EEUU son responsables de los niveles más
elevados.
Al mismo tiempo, exposición humana a través de inhalación e ingesta de aire en
interiores y polvo está siendo estudiada en mayor profundidad, y parece especialmente
importante a la hora de hablar de la exposición de bebés y niños a estos compuestos,
dado que pasan gran parte del día en contacto con el suelo. BFRs y especialmente PBDEs,
han sido cuantificados en muestras de sangre y tejido fetal, indicando el transporte de
madre a feto a través de la placenta.
Paralelamente al interés que suscita el aumento de las concentraciones de BFRs en el
medioambiente y en humanos, los posibles efectos adversos están siendo evaluados.
Resultados tanto de ensayos in vitro como in vivo muestran cómo BFRs y algunos de sus
metabolitos presentan toxicidad hepática, disrupción del sistema endocrino así como del
desarrollo embrionario. Recientemente, han sido detectados efectos en el comportamiento
de ratones, tras la administración de PBDEs durante el periodo crítico del desarrollo del
cerebro, poco después del nacimiento. Aun así, el mecanismo de acción de los BFRs no se
conoce completamente.

2 Líneas y temas de investigación de esta tesis
Con el fin de completar algunos de los puntos toxicológicos desconocidos acerca de BFRs,
el principal propósito de esta tesis ha sido resumir los recientes hallazgos y resultados de
diferentes estudios realizados en nuestro laboratorio sobre las propiedades de disrupción
endocrinológicas de los retardantes de llama bromados así como de sus metabolitos.
Un disruptor endocrino se define como un compuesto químico o mezcla de ellos que
una vez incorporado a un organismo interfiere con el sistema endocrino de alguna manera,
alterando o interrumpiendo las funciones normales de este sistema. El sistema endocrino
es un sistema integrado por órganos pequeños conocidos como glándulas (por ejemplo,
tiroides u ovario), que están involucradas en la producción y secreción de hormonas como
la tiroidea o el estradiol al torrente sanguíneo. Estas hormonas se distribuyen por el
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cuerpo y desencadenan sus acciones en las células blanco tras la unión a sus receptores
específicos (por ejemplo, el estradiol se une al receptor de estrógenos).
Basado en este modelo de acción de las hormonas, un disruptor endocrino puede
actuar a través de diferentes mecanismos; este puede imitar total o parcialmente la
hormona endógena a través de la unión al receptor de la hormona, alterar la producción y
degradación de hormonas endógenas o incluso alterar el perfil de la expresión génica del
mecanismo de acción de una hormona determinada.

2.1 Efectos de los retardantes de llama bromados y sus metabolitos en la acción
de hormonas sexuales esteroideas
Las hormonas sexuales esteroideas como son los andrógenos (por ejemplo testosterona) o
estrógenos (por ejemplo estradiol) se forman gracias a las enzimas esteroidogénicas y son
liberadas al torrente sanguíneo por las glándulas endocrinas como testículos u ovarios.
Interferencias en la síntesis de hormonas esteroideas por disruptores endocrinos pueden
alterar la reproducción, alterar en la diferenciación sexual, el crecimiento, y el desarrollo
de tumores dependientes de hormona. La síntesis de hormonas sexuales esteroideas está
controlada por la actividad de una serie de enzimas. Algunas de estas enzimas, como los
citocromos P450 CYP17 o CYP19 (también llamada aromatasa), juegan un papel esencial
en la producción de hormonas sexuales. La enzima CYP17 cataliza un paso importante en
la producción de hormonas sexuales y es responsable de la síntesis de andrógenos como
dehidroepiandrosterona (DHEA) y androstendiona. En el siguiente paso, la enzima CYP19
(aromatasa) media la conversión de los andrógenos a estrógenos.
Los efectos de diferentes retardantes de llama bromados y algunos de sus metabolitos
sobre la actividad catalítica de estas dos enzimas esteroidogénicas, han sido investigados
en las células de carcinoma adrenocortical (H295R). En esta tesis, se incluye también el
desarrollo y validación de un nuevo método in vitro para el estudio de efectos en la
actividad enzimática de CYP17. La actividad catalítica de CYP17 fue determinada tras la
administración de pregnenolona (substrato de la enzime CYP17) a células H295R tratadas
o no con retardantes de llama bromados y la producción de DHEA (producto de la enzima
CYP17) fue medido mediante técnicas radioinmunológicas.
La actividad catalítica de la enzima CYP19 fue cuantificada in vitro según el conocido
método de la producción de agua deuterada o pesada, donde el substrato radioactivo (3Handrostendiona) es añadido a células H295R tratadas o no con BFRs. La enzima aromatasa
incorpora el tritio en la molécula de agua formada en la reacción. Después, se mide la
cantidad de moléculas de agua con tritio o agua pesada.
En los capítulos 2 y 3, se presentan los resultados de los efectos de los compuestos
testados sobre la actividad enzimática de CYP17 y CYP19. Ninguno de los químicos
probados tuvo un efecto significativo sobre las actividades de CYP17 o CYP19, excepto el
polibromado BDE-183, el cual mostró una inhibición significativa de la actividad de la
enzima CYP17, aunque sólo a altas concentraciones y sin ninguna toxicidad celular.
Tribromofenol, un retardante de llama bromado menos usado, también producido de
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manera natural en el medio marino, causó una inducción de concentración dependiente de
la actividad de la enzima CYP19 con un máximo de 3.8 veces a la mayor concentración
probada.
Al mismo tiempo que los efectos de PBDEs en la síntesis de hormonas sexuales no son
muy severos, los principales metabolitos de PBDEs, OH-PBDEs muestran una inhibición
muy fuerte sobre las actividades de CYP17 y CYP19 in vitro. El metabolito, 6-OH-BDE-47
destacó por su inhibición de CYP17 y CYP19. Este metabolito de PBDE causó un descenso
dependiente de concentración de casi en 90% de ambas actividades enzimáticas a la
mayor concentración utilizada. Este descenso de las actividades enzimáticas fue
parcialmente causado por un efecto tóxico del metabolito en las células. Al reemplazar el
grupo hidroxilo (OH-) por un metoxilo (MeO-) los efectos tóxicos celulares desaparecieron,
aunque la inhibición de CYP17 y CYP19 siguió siendo visible en las células humanas H295R
tratadas.
Basándonos en estos resultados, especialmente los metabolitos de los PBDEs parecen
tener un gran potencial para interferir con la producción de hormonas esteroideas
sexuales; aunque estos efectos hayan sido causados, parcialmente por toxicidad en las
células usadas. Por ello, para poder discernir los efectos tóxicos de los de inhibición
catalítica, se estudiaron 22 metabolitos de PBDE hidroxilados y metoxilados, en un nuevo
experimento, utilizando para ello microsomas (fracción celular que contiene las enzimas
del citocromo P450) aislados de tejidos de placentas humanas.
Los resultados de estos PBDE hidroxilados y metoxilados están descritos en el capítulo
4 y las posibles relaciones de estructura química y actividad inhibitoria de las enzimas
CYP17 y CYP19 fueron investigadas. Los microsomas obtenidos de placenta humana
presentan una elevada actividad de la enzima CYP19. Dicha actividad fue inhibida de
manera dependiente de la concentración utilizada con todos los metabolitos de PBDE
hidroxilados. Los valores de concentración inhibitoria del 50 % (IC50) de los OH-PBDEs
estuvieron en el rango de micromolar (µM), mientras que los metabolitos metoxilados no
tuvieron ningún efecto en la actividad enzimatica de CYP19.
Resultados de experimentos posteriores sobre cinética enzimática con sólo dos de los
PBDE hidroxilados (5- and 6-OH-BDE47), indicaron que estos metabolitos son inhibidores
catalíticos de tipo mixto de la enzima aromatasa. Esto significa que los OH-PBDEs pueden
unirse al centro activo de la enzima aromatasa pero también a otros dominios de la
enzima, causando cambios en la estructura tridimensional y disminución de la actividad
enzimática.
A su vez, algunos de los compuestos relacionados químicamente a los metabolitos
PBDE como los dihidroxilados y dimetoxilados bifenilos (2,2’-diOH-BB80; 2,2’-diMeOBB80) fueron también estudiados en dichos experimentos. De nuevo, la actividad
enzimática de la aromatasa fue inhibida sólo por el derivado hidroxilado (2,2’-diOH-BB80),
aunque con una menor intensidad de inhibición al compararla con los OH-PBDEs.
Los resultados muestran que los OH-PBDEs tienen el potencial para perturbar la
producción de hormonas sexuales e indica un posible mecanismo de acción de estos BFR
metabolitos como disruptores endocrinológicos en humanos. Sin embargo, menores
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potencias fueron observadas por OH-PBDEs cuando se comparan con medicamentos
conocidos para inhibir la enzima CYP19 (aromatase), como fadrozol o letrozole,
comúnmente utilizados en tratamientos adyuvante de cáncer de pecho.
Como ha sido mencionado anteriormente, un disruptor endocrinológico puede alterar la
producción de hormonas tras afectar enzimas esteroidogénicas, aunque también puede
alterar la producción de hormonas al unirse a sus receptores como los receptores de
estrógenos o andrógenos. Esta unión al receptor puede ser parcial y/o total, de manera
agonista o antagonista. Estudios anteriores, han indicado cómo algunos de estos BFRs y
metabolitos pueden actuar como potentes agonistas del receptor de estrógenos en
diferentes sistemas in vitro. Por ello, investigaciones científicas se han centrado en las
posibles propiedades (anti)estrogénicas de BFRs y metabolitos, siendo escasos los estudios
sobre su (anti)androgenecidad en la literatura.
En el capítulo 5 de esta tesis, se estudiaron las propiedades agonísticas y
antagonísticas sobre el receptor de andrógenos humano de BFRs y metabolitos. Para ello,
dos sistemas recombinantes in vitro fueron utilizados. Estos sistemas in vitro incluyen: 1)
células recombinantes de levadura (RAA) con el receptor de andrógenos humano (hAR) y
el gen fluorescente verde como marcador de selección transfectados. 2) células humanas
de cáncer de mama (T47D) co-transfectadas con el hAR y el gen luciferasa como marcador
de selección (T47D-ARE).
Ninguno de los químicos estudiados mostró efectos agonistas. Sin embargo, efectos
antagonistas fueron observados sobre el receptor de andrógenos, en ambos sistemas in
vitro. Los experimentos con las células de levadura transfectadas mostraron cómo algunos
de los PBDEs, HBCD y TBP tienen propiedades anti-androgénicas al ser utilizados en
concentraciones µM o menores. Al usar las células transfectadas humanas T47D-ARE, los
efectos anti-androgénicos fueron corroborados, aunque con una menor intensidad.
Los resultados de estos estudios indican que BFRs y sus metabolitos interactúan con el
AR in vitro y pueden tener el potencial de afectar potencialmente los tejidos que dependen
de andrógenos. Estos resultados están en consonancia con previos resultados in vitro e in
vivo, donde se observa cómo algunos PBDEs interactúan directamente con el receptor de
andrógenos humano. Se postula que esta actividad anti-androgénica posiblemente esté
causando alteraciones en reproducción y desarrollo embrionario, según se ha observado
recientemente en roedores tratados con PBDEs.

2.2 Cambios en la expresión génica en roedores tras tratamiento con HBCD
Las mezclas de PBDE prohibidas en el mercado, Penta y OctaBDE, han sido reemplazadas
o substituidas en mayor o menor medida por HBCD. Esto se puede observar en los últimos
años ya que las concentraciones de HBCD en muestras del medio ambiente y humanas
alcanzan antiguos niveles de por ejemplo, BDE-47. En diferentes referencias bibliográficas,
los datos toxicológicos acerca de HBCD son escasos. Para poder conocer más acerca de la
toxicología de HBCD, se realizó, como parte del proyecto europeo FIRE, un estudio en
ratas Wistar (OECD407). Las hembras de este estudio, tras ser expuestas a HBCD durante
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28 días, se observó una reducción en los niveles de hormonas tiroideas (TT4), elevación de
los niveles de colesterol en sangre y altas concentraciones internas de HBCD en hígado.
En el capítulo 6, los tejidos de hígado de estos animales, tanto de hembras como de
machos, fueron utilizados para medir posibles cambios o efectos genotípicos y para ello se
usaron tecnologías de microarray y qPCR. Tras el análisis de los resultados, se pudo
observar una gran concordancia entre los resultados de los microarray y los efectos
observados en los animales. Genes responsables de la síntesis de colesterol y metabolismo
de lípidos hepáticos resultaron estar reprimidos (especialmente en hembras) y esto se
puede relacionar con los bajos niveles de hormona tiroidea TT4 y los niveles de colesterol
en sangre in vivo. Basándonos en estos resultados y las conclusiones del estudio in vivo,
en el capítulo 6 se incluye una posible hipótesis del mecanismo de acción de HBCD.
Además, algunos de los genes implicados en la fase II del metabolismo mostraron estar
activados en machos tras 28 días de tratamiento, lo que puede explicar o puede estar
relacionado con las bajas concentraciones internas de HBCD en hígado en machos
comparadas con las ratas hembras.

3 Conclusiones generales
En el presente trabajo de investigación, se han estudiado los retardantes de llama
bromados más destacados y algunos de sus metabolitos, con énfasis en sus propiedades
como disruptores endocrinológicos y especial atención a su acción sobre las hormonas
sexuales. Se han utilizados varias técnicas in vitro para la evaluación de los posibles
efectos de BFRs y sus metabolitos sobre las enzimas más relevantes en la producción de
andrógenos y estrógenos (CYP17 y 19) e interacciones con el receptor de andrógenos
humano.

Además,

se

han

analizado

detalladamente

los

efectos

del

hexabromociclododecano (HBCD) sobre los perfiles genéticos de expresión hepática en
muestras de hígado de ratas Wistar tras 28 días de tratamiento.
Se puede concluir de estos resultados in vitro que los retardantes de llama bromados,
con especial atención a los metabolitos hidroxilos, pueden afectar la actividad enzimática
de dos de las enzimas más relevantes e importantes en la producción de hormonas
sexuales. Además, se han determinado los efectos de interacción como de inhibición sobre
el receptor de andrógenos. Se han detectado cambios significativos de las expresiones
genéticas en muestras de hígado de ratas tratadas con HBCD y las hembras parecen ser
notablemente más sensibles a cambios que los machos incluidos en el estudio.
Por lo general, los efectos observados in vitro parecen explicar y están en consonancia
con los efectos descritos y presentados anteriormente in vivo.

4 Perspectivas de futuro
En un futuro cercano, se puede predecir que tras la prohibición mundial de las
formulaciones Penta y OctaBDE, concentraciones de otros retardantes de llama bromados
tales como DecaBDE y/o HBCD aumentarán con el tiempo. Dada la gran persistencia y

150

Resumen

efectos toxicológicos de estos compuestos químicos, se están investigando nuevas
alternativas. Sin embargo, es muy difícil encontrar compuestos químicos que con igual
efectividad tengan mejor predisposición para el medio ambiente. La opción más adecuada
sería el uso de materiales ignífugos no peligrosos para la salud, pero en algunos casos la
substitución de BFRs (DecaBDE y HBCD) no puede ser posible.
Por consiguiente, una solución temporal podría ser el uso de concentraciones mínimas
de BFRs en materiales que aseguren una protección frente al desarrollo de un incendio. Se
deberían desarrollar nuevas directivas para el uso de niveles mínimos efectivos de BFRs en
productos de consumo, lo que podría disminuir las diferencias observadas entre las
exposiciones a estos químicos en diferentes países.
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